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PREPARATION AND CHARACTERIZATION OF 
POLY(ETHYLENE TEREPHTHALATE) – POLYPROPYLENE BLENDS 
SUMMARY 
Polymer materials are appreciated for their chemical, physical and economical 
qualities. The properties of them can be adjusted by controlling their molecular 
weight (MW) and molecular weight distribution. But, these widely applied, unique 
materials are rarely used in pure form. The successful use of plastic materials in 
many applications is substantially attributable to the incorporation of additives, such 
as antioxidants, colorants, plasticizers, impact modifiers, heat / UV stabilizers, flame 
retardants and extenders into plastic resins. 
Today, emerging needs of technology ask for superior performance of materials. 
Polymer blending is a popular way of creating new polymeric materials with desired 
properties, which permits a rapid development of modified polymeric materials. 
Polymer blends are defined as mixtures of at least two macromolecular substances, 
polymers or copolymers, in which the ingredient content of the lesser component is 
higher than 2 wt. %. The performance of polymer blends is determined by the 
properties and concentrations of  blend components, and the final morphology of the 
blend in the solid state. 
From a thermodynamics point of view, polymer blends are classified into two 
categories as miscible polymer blends and immiscible polymer blends. Unfortunately, 
miscibility of polymers is limited to a specific set of conditions. Therefore, most 
polymers are immiscible. The immiscibility of polymer blends does not mean that 
they are of little importance and use. If the interfaces in a polymer blend are 
controlled and the morphology of a multiphase blend is stabilized, advantageous 
properties of blend components could be exhibited in the resultant product. This 
could be achieved by compatibilization. Immiscible compatibilized polymer blends 
with intentionally modified morphology and interfaces are called “polymer alloys”. 
The aim of this study is to investigate the effects of blend composition, 
compatibilization and processing conditions on final properties of poly(ethylene 
terephthalate) (PET) – polypropylene (PP) blends. PET is an engineering 
thermoplastic with a good chemical and wear resistance and stiffness but for some 
applications, better processability and barrier properties are needed. PP is a chemical 
resistant and tough polymer with comperatively lower price. With these excellent 
properties, it is used in a broad range of applications but its application in some fields 
is limited depending on its rather low modulus. PET – PP blends may offer a less 
brittle, less moisture uptaking and more processable material than PET, and a stiffer 
material with ease of injection molding than PP. 
In the study, commercial OCTAL GP01 grade PET was blended with commercial 
Buplen 6531 grade isotactic PP at certain compositions by melt blending via 
extrusion. The extruder was a 25 mm diameter single screw extruder with a L/D ratio 
xxii 
 
of 25 consisted of three heating zones surrounding the screw and a static mixer after 
the third heating zone and a strand die with four holes. The 3-stage single screw with 
compression ratio of 2.05 was equipped with dispersive mixing elements in the 
metering zone. A commercial maleic anhydride grafted PP (PP-g-MAH) was used as 
a compatibilizer.  
The extrusion temperature limits were determined at the beginning of the study by 
differential thermal analysis (DTA) and thermogravimetric analysis (TGA) of virgin 
PET and PP. Then, an optimization study was carried out to determine the optimum 
temperature profile and the optimum compatibilizer (PP-g-MAH) amount in the 
blends.  
After this investigation, temperature profile to process the blends was decided to be 
230ºC / 245ºC / 255ºC / 260ºC / 260ºC for heating zone 1, heating zone 2,  
heating zone 3, static mixer and die, respectively. Three different compositions  
(one PET-rich, one PP-PET-equal, one PP-rich) was chosen to study without and 
with addition of 5 wt. % PP-g-MAH to the blends. The weight ratios of PET / PP for 
incompatibilized PET-rich, PET-PP-equal and PP-rich compositions were 80 / 20,  
50 / 50 and 20 / 80, respectively. PET / PP / PP-g-MAH ratios for compatibilized 
PET-rich, PET-PP-equal and PP-rich blends were 76 / 19 / 5, 47.5 / 47.5 / 5 and  
19 / 76 / 5, respectively. Each composition as well as the virgin PET and PP were 
extruded at four different screw speeds: 20, 30, 40 and 50 rpm. Morphological, 
mechanical and thermal properties of the samples were analyzed by optical 
microscopy, tensile tests and DSC analysis, respectively. Melt flow rate was also 
measured for all of the incompatibilized and compatibilized samples. 
Optical microscopy analysis of  the samples showed that compatibilization decreased 
the volume average dispersed particle size at all compositions of the blends. The 
smallest dispersed particle sizes in both compatibilized and incompatibilized blends 
were obtained in PET-rich ones, whereas both the compatibilized and 
incompatibilized PET-PP-equal blends prepared at all screw speeds had the biggest 
dispersed-particle sizes. The effect of screw speed on particle sizes of the blends was 
such that increasing screw speed resulted in lower particle sized blends for both the 
compatibilized and incompatibilized mixtures. Screw speed has dominant effect in 
non-compatibilized blends than in compatibilized blends. 
Mechanical property analysis of the samples showed that composition, 
compatibilization and processing conditions of the blends had a pronounced effect on 
the tensile properties of these materials. All of the blends had worse tensile 
properties, especially elongation at break property, than virgin PET and PP. 
Compatibilization improved maximum strength, strength at break and elongation at 
break properties of the blends at all compositions. The effect of screw speed and 
compatibilization were the most pronounced in PET-PP-equal blends. 
Melt flow rate (MFR) analysis showed that increased screw speed resulted in 
decreased MFR for both incompatibilized and compatibilized PET-rich samples. 
Both compatibilization and processing conditions did not affect much the MFR of 
the PET-PP-equal and the PP-rich blends when compared to PET-rich blends. The 
effect was the same for tensile properties except modulus. It is concluded that 
increasing screw speed resulted in better mixing of the PET and PP phases. The MFR 
of the compatibilized PET-rich samples were greater than that of incompatibilized 
ones, which shows that compatibilization improved processability as well as the 
tensile properties of the blends. 
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Differential scanning calorimetry (DSC) analysis was carried out for the samples 
prepared at 30 rpm and 50 rpm. When virgin PET and PP is compared with the 
blends, the melting temperatures of both PET and PP phases of the blends were 
shifted to higher temperatures. The most significant melting peak temperature (Tp) 
decrease of 4ºC due to compatibilization was observed for the PET-rich samples 
prepared at 50 rpm. The Tp and melting temperature were also lower for 50 rpm 
blending than 30 rpm blending for both incompatibilized and compatibilized PET-
rich samples. These shifts to the lower temperatures support the result that increased 
screw speed resulted in a better mixing. 
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POLİ(ETİLEN TERAFTALAT) – POLİPROPİLEN BLENDLERİNİN 
HAZIRLANMASI VE KARAKTERİZASYONU 
ÖZET 
Polimerik malzemeler üstün kimyasal, fiziksel ve ekonomik özellikleriyle 
günümüzün en değerli malzemelerindendir. Polimerlerin özellikleri molekül 
ağırlıkları ve molekül ağırlığı dağılımları ayarlanarak kontrol edilebilir. Ancak geniĢ 
bir yelpazede uygulama alanı bulan bu eĢsiz malzemeler nadiren saf olarak kullanılır. 
Polimerik malzemelerin birçok alanda verimli bir Ģekilde kullanılabilmesi, 
antioksidant, renklendirici, plastikleĢtirici, darbe dayanımı arttırıcı, ısı / UV 
stabilizatörü, alev geciktirici, dolgu maddesi gibi katkı maddelerinin plastik 
reçinelere ilave edilmesiyle mümkün olabilmektedir. 
Günümüzde, geliĢen teknolojinin malzeme ihtiyaçları, malzemelerin çok daha üstün 
performans göstermesini gerektirmektedir. Polimer karıĢımlarının hazırlanması, 
modifiye polimerik malzemelerin hızlı bir Ģekilde geliĢtirilmesini sağlayan, istenen 
özelliklerde yeni malzeme oluĢturmanın popüler bir yoludur. Polimer karıĢımları, en 
az iki makromoleküler maddeden, yani en az iki polimer ya da kopolimerden, oluĢan; 
karıĢım içinde miktarca daha az bulunan polimerin yüzdesinin % 2’yi geçtiği 
karıĢımlardır. Polimer karıĢımlarının performansı, karıĢım bileĢenlerinin türü ile 
karıĢımdaki yüzdeleri ve karıĢımın katı haldeki morfolojisi tarafından belirlenir. 
Termodinamik yaklaĢımla polimer karıĢımları, her oranda karıĢabilen polimer 
karıĢımları ve birbirine karıĢmayan (çok-fazlı) polimer karıĢımları olarak iki 
kategoride sınıflandırılır. Polimerlerin her oranda karıĢması nadir rastlanan bir durum 
olup, yalnızca özel Ģartlarda mümkündür. Bu nedenle polimerlerin bir çoğu birbirleri 
ile karıĢmaz. Bu durum, çok-fazlı polimer karıĢımlarının fazla kullanım alanı 
bulmadığı ve önemsiz olduğu anlamına gelmez. Eğer bir çok-fazlı bir polimer 
karıĢımında arayüzeyler kontrol edilebilir ve çok-fazlı karıĢımın morfolojisi kararlı 
hale getirilebilirse, karıĢımı oluĢturan polimerlerin avantajlı özellikleri elde edilen 
üründe ortaya konabilir. Çok-fazlı bir polimer karıĢımında ara yüzey kontrolü ve 
morfoloji kararlılığı, karıĢıma uyumlaĢtırıcı ilave edilerek sağlanabilir. Morfoloji ve 
ara-yüzey uyumluluğu sağlanmıĢ çok-fazlı polimer karıĢımlarına polimer alaĢımları 
denir. 
Bu çalıĢmanın amacı, karıĢım bileĢiminin, uyumlaĢtırmanın ve iĢleme koĢullarının 
poli(etilen teraftalat) (PET) – polipropilen (PP) çok-fazlı karıĢımlarına etkisinin 
araĢtırılmasıdır. PET kimyasal dayanım, sağlamlık ve aĢınma direnci gibi özellikleri 
çok iyi olan bir mühendislik termoplastiğidir. Ancak bazı kullanım amaçları için 
daha iyi iĢlenebilirlik ve bariyer özelliklerine sahip olması istenmektedir. PP ise 
PET’e göre daha ucuz, yüksek kimyasal dayanımlı ve tok bir polimerdir. PP, üstün 
özellikleriyle pek çok uygulamada kullanım alanı bulmasına rağmen, PET’e göre 
düĢük elastisite modülüne sahiptir ve bu durum onun bazı uygulamalardaki 
kullanımını sınırlandırmaktadır. PET-PP karıĢımları, PET’e kıyasla daha iyi bariyer 
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özellikleri olan ve daha iyi iĢlenebilen, PP’ye kıyasla ise daha sağlam, enjeksiyonla 
kalıplama prosesinde daha iyi iĢlenebilir özellikte olabilir. 
Bu çalıĢmada, PET-PP karıĢımları, ticari OCTAL GP01 tip PET ile ticari Buplen 
6531 tipi izotaktik PP’nin ekstruder kullanılarak, eriyik karıĢtırma yöntemiyle 
hazırlanmıĢtır. Kullanılan ekstruder, 25 mm çapında, L/D’si 25 olan, vidayı 
çevreleyen üç ısıtma bölgesi, üçüncü ısıtma bölgesinin sonrasında bir statik mikser 
ve kafadan oluĢan tek vidalı bir ekstruderdir. 3-basamaklı ve sıkıĢtırma oranı 2.05 
olan vida, dispersif karıĢtırma elemanları ile donatılmıĢtır. UyumlaĢtırıcı olarak, 
maleik anhidrid graft edilmiĢ PP (PP-g-MAH) kullanılmıĢtır. 
ÇalıĢmanın baĢında, ekstrüzyon sıcaklık sınırları, PET ve PP’nin diferansiyel termal 
analiz (DTA) ve termogravimetrik analizi (TGA) ile belirlenmiĢtir. Bundan sonra, 
PET-PP karıĢımlarının ekstrüzyonu için optimum sıcaklık profili ve hazırlanacak 
karıĢımlardaki optimum uyumlaĢtırıcı yüzdesinin belirlenmesi amacıyla, bir 
optimizasyon çalıĢması yapılmıĢtır. 
Optimizasyon çalıĢması sonucunda PET-PP karıĢımlarının ekstruzyonu için optimum 
sıcaklık profili birinci, ikinci ve üçüncü ısıtma bölgesi, statik mikser ve kafa için 
sırasıyla 230ºC / 245ºC / 255ºC / 260ºC / 260ºC olarak belirlenmiĢ; bileĢimi  
PET’çe zengin, PET-PP’ce eĢit miktarda ve PP’ce zengin olacağı üç farklı karıĢıma 
kütlece % 5 miktarda PP-g-MAH katılmasına karar verilmiĢtir. UyumlaĢtırıcı 
katılmayarak hazırlanan örneklerde (uyumlaĢtırılmayan örneklerde) PET’in PP’ye 
kütlece yüzde oranı, PET’çe zengin, PET-PP’nin eĢit miktarda olduğu ve PP’ce 
zengin örneklerde sırasıyla 80 / 20, 50 / 50 ve 20 / 80’dir. UyumlaĢtırıcı katılarak 
hazırlanan örneklerde (uyumlaĢtırılan örnekler) ise PET / PP / PP-g-MAH’ın kütlece 
yüzde oranı, PET’çe zengin karıĢımlar için 76 / 19 / 5, PET-PP’ce eĢit karıĢımlar için 
47.5 / 47.5 / 5 ve PP’ce zengin karıĢımlar için 19 / 76 / 5’tir. Verilen bileĢimdeki 
örnekler, ayrıca saf PET ve PP, 20, 30, 40 ve 50 rpm’de olmak üzere dört farklı vida 
hızında hazırlanmıĢtır. Tüm örneklerin morfolojik, mekanik ve termal özellikleri, 
sırasıyla optik mikroskopi, çekme-kopma testleri ve DSC analizi ile incelenmiĢtir. 
UyumlaĢtırılmayan ve uyumlaĢtırılan PET’çe zengin karıĢımlar için, eriyik akıĢ 
hızları da ölçülmüĢtür. 
Örneklerin optik mikroskopi analizi, bütün bileĢimler için uyumlaĢtırmanın dağılan 
fazın tanecik boyutunda düĢüĢ sağladığını göstermiĢtir. Hem uyumlaĢtırılan hem de 
uyumlaĢtırılmayan örnekler kendi aralarında kıyaslandığında, en küçük ortalama 
tanecik boyutu PET’çe zengin karıĢımlarda gözlenirken, en büyük ortalama tanecik 
boyutu PET-PP miktarının eĢit olduğu karıĢımlarda gözlenmiĢtir. Artan vida hızı da -
tüm örneklerde ortalama tanecik boyutunda düĢme sağlamıĢtır. Vida hızının etkisi, 
uyumlaĢtırılmayan karıĢımlarda uyumlaĢtırılanlara kıyasla daha belirgindir. 
Örneklerin mekanik özellik analizleri, karıĢım bileĢiminin, uyumlaĢtırmanın ve 
iĢleme Ģartlarının ürünlerin kopma-çekme özelliklerini belirgin bir biçimde 
etkilediğini ortaya koymuĢtur. Bütün karıĢımlar, saf PET ve PP homopolimerlerine 
göre daha düĢük mekanik özellikler (özellikle kopmada uzama özelliği) sergilemiĢtir. 
Tüm bileĢimlerde uyumlaĢtırma, maksimum dayanım, kopma dayanımı ve kopmada 
uzama özelliklerinde iyileĢme sağlamıĢtır. Vida hızı ve uyumlaĢtırma en belirgin 
olarak PET-PP’ce eĢit olan karıĢımların mekanik özelliklerini etkilemiĢtir. 
Eriyik akıĢ hızı (MFR) analizleri, uyumlaĢtırma ve proses Ģartlarının PET’çe zengin 
karıĢımlara kıyasla PP’ce zengin ve PET-PP’nin eĢit miktarda olduğu karıĢımları az 
miktarda etkilediğini göstermiĢtir. PET’çe zengin karıĢımlar için yapılan MFR 
ölçümleri ise, hem uyumlaĢtırılmamıĢ hem de uyumlaĢtırılmıĢ karıĢımlar için vida 
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hızı arttıkça MFR’nin azaldığını göstermiĢtir. KarıĢımların mekanik özellikleri de 
vida hızı arttıkça iyileĢmiĢtir. Dolayısıyla vida hızı arttıkça PET ve PP’nin daha iyi 
karıĢtığı sonucuna varılmıĢtır. UyumlaĢtırılan PET’çe zengin karıĢımların MFR’si 
tüm vida hızları için uyumlaĢtırılmayanlara göre daha yüksek olmuĢtur. Bu durum, 
uyumlaĢtırmanın mekanik özelliklerde olduğu gibi iĢlenebilirlik özelliğinde de 
iyileĢme sağladığını göstermektedir. 
30rpm ve 50 rpm’de hazırlanan tüm karıĢımlar için diferansiyel taramalı kalorimetre 
(DSC9 analizi yapılmıĢtır. KarıĢımlar saf PET ve PP ile karĢılaĢtırıldığında, tüm 
karıĢımlardaki PET ve PP fazları için erime sıcaklıklarının daha yüksek değerlere 
kaydığı görülmüĢtür. UyumlaĢtırmanın sağladığı 4ºC’lik en belirgin erime pik 
sıcaklığı (Tp) azalıĢı, 50 rpm’de hazırlanan PET’çe zengin karıĢımlarda görülmüĢtür. 
Tp ve erime sıcaklıkları da 50 rpm’de hazırlanan hem uyumlaĢtırılmamıĢ hem de 
uyumlaĢtırılmıĢ PET’çe zengin karıĢımlar için 30 rpm’de hazırlanan PET’çe zengin 
karıĢımlardan daha düĢük bulunmuĢtur. Bu sonuç da artan vida hızının daha iyi bir 
karıĢma sağladığı sonucunu desteklemektedir. 
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1.  INTRODUCTION 
In the past decades, polymer materials have been continuously replacing more 
traditional materials such as paper, metal, glass, stone, wood, natural fibres and 
natural rubber in the fields of textile industry, electrics electronics components, 
automotive materials, food packaging, sports goods, etc. Without the existence of 
suitable polymer materials, progress in many of these areas would have been limited.  
Polymer materials are appreciated for their chemical, physical and economical 
qualities. The properties of them can be adjusted by controlling their molecular 
weight (MW) and molecular weight distribution. But these widely applied, unique 
materials are rarely used in pure form. Almost all commercial plastics are 
compounded with substances so called additives, which are incorporated into plastics 
so as to provide easier processing, enhanced physical properties and / or better  
long-term performance (Bart, 2005). Some examples of additives are antioxidants, 
colorants, fillers, impact modifiers, lubricants, plasticizers, heat stabilizers, flame 
retardants, extenders, thickeners and UV absorbers. An additive may have organic, 
inorganic or organometallic structure and is usually a minor component of the 
polymer mixture formed. 
The successful use of plastic materials in many applications is substantially 
attributable to the incorporation of additives into plastic resins (Bart, 2005). For 
example, poly(vinyl chloride) (PVC) would not be a particularly useful substance 
without additives due to its rigidity and brittleness. The expansion of PVC 
applications into various areas of industrial use could be achieved due to the 
employment of additives. Use of additives to soften, colour or achieve processable 
PVC results in a broad range of potential applications from car underbody seals and 
flexible roof membranes to pipes and window profiles (http://www.pvc.org/en/p/pvc-
additives).  
Today, emerging needs of technology asks for much superior performance of 
materials. For example, a polymer to be used as an automotive body panel must be 
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economic, easily moldable, paintable, recyclable, impact resistant down to - 40°C 
and resistant to gasoline, motor oil, and soap solution (Utracki, 1998.). It is a great 
challenge to synthesize a polymer with such a wide range of properties or to combine 
all of them by incorporation of additives to a polymer. 
The only way to gain such wide characteristics in one material is combining 
characteristic properties of several polymers into a multicomponent system of either 
a polymer composite or a polymer blend. Polymer composites are multicomponent 
materials comprising multiple different (nongaseous) phase domains in which at least 
one type of phase domain is a continuous phase and in which at least one component 
is a polymer; and polymer blends are mixtures of at least two macromolecular 
substances, polymers or copolymers, in which the ingredient content is higher than 
2wt% (Work et al, 2004). Since this study is about preparation and characterization 
of poly(ethylene terephthalate) (PET) – polypropylene (PP) blends will be focused 
on throughout this part. 
Polymer blending is a popular way of creating new polymeric materials with desired 
properties, which permits the much more rapid development of modified polymeric 
materials by by-passing the polymerization step (Baker et al, 2001). Blending 
polymers can effectively improve a specific property of a polymer such as impact 
strength, rigidity, ductility, abrasion resistance, flammability, etc. For example the 
processability of polymers which are otherwise limited in their ability to be 
transformed into finished products can be improved. Another target may be lowering 
the cost of an engineering resin by diluting its concentration, with little sacrifice in 
the desired properties of the resin. Most importantly, polymer blending gives a 
superior advantage in recycling field: Polymer wastes can be valorized through their 
usage in polymer blends and separation step of polymer wastes into their components 
can be removed, saving both the environment and the money. 
From a thermodynamics point of view, polymer blends are classified into two 
categories as miscible polymer blends and immiscible polymer blends. The former 
blends are associated with a negative value of the free energy of mixing and so they 
are homogenous down to the molecular level, in which the domain size is 
comparable to the macromolecular dimension. However, miscibility of polymers is 
limited to a specific set of conditions (such as configuration of polymeric molecules, 
molecular weight and molecular weight distribution, temperature, pressure, etc.) 
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while immiscibility dominates. So, blending two immiscible polymers will lead to a 
phase-separated material, where the morphology may be either a dispersion of one 
phase in the other or co-continuous (Utracki, 1998). In other words, most polymer 
blends are immiscible. This is because of small entropy of mixing, which arises from 
a high interfacial tension, lowering the degree of dispersion of one phase in the other, 
and a weak interfacial adhesion between polymer pairs, causing an ease of failure 
under stress in the solid state.  
The immiscibility of polymer blends does not mean that they are of little importance 
and use. If the interfaces in the blend are controlled by lowering the interfacial 
tension between polymer pairs, and related to this the morphology of multiphase 
blends are stabilized, advantageous properties of blend components could be 
exhibited in the resultant product (Baker et al, 2001). This combination of desired 
properties may even be in a synergetic fashion. Moreover, some properties can be 
achieved only through immiscible blends. For example, the impact strength of a 
polymer can not be improved significantly by adding an elastomer miscible to it 
whereas a blend with an immiscible elastomer could give a desired toughness 
(Utracki, 1998). Processes or techniques that modify the interfacial properties in an 
immiscible polymer blend and so allow control of both the morphology and 
interfaces of phase-separated blends are called compatibilization. Immiscible, 
compatibilized polymer blends with intentionally modified morphology and 
interfaces are called as “polymer alloys” (Utracki, 1998.) or just “compatibilized 
blends” (Baker et al, 2001).  
There are several methods of blending, namely melt (mechanical), solution, latex, 
and fine powder Among them, for economic reasons, melt blending is the most 
common technique in which the blend components are mechanically mixed over 
their melting temperature either in a batch mixer or in a continuous mixer.  
(Utracki, 1998.). A good dispersive and distributive mixing is necessary to obtain a 
homogeneous blend which is determined by the thermomechanical agitation 
conditions (screw speed, shear stress, etc.), the polymer components themselves and 
their composition (Rosato, 1998). This mixing performance affects much on the 
morphology of polymer blends, thus on the end use properties of them. 
There has been an intense interest in blends of PET and polyolefins. PET and 
polyolefins (PO) are widely used polymers in material packaging industry and are 
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found together in many products as separate parts, for example the closings of PET 
bottles are mostly made up of polyolefins. Due to this extensive use, they account for 
a huge fraction of plastics waste. Moreover, the rate of production and consumption 
of these polymers have been increasing steadily. These facts make their recycling a 
must to reduce the resources needed in manufacturing, conserve energy in their 
production and shipping, thus to minimize the overall impact on the environment. If 
these scrap polymers are blended with pure PET and PP, or if it were possible to 
directly blend PET and POs, this would save time and energy to re-process them, 
giving reasonable mechanical property material. Furthermore, blends of PET with 
POs may offer an attractive balance of mechanical, barrier and processability 
properties if compatibilized: The blends can be less brittle, less moisture uptaking 
and more processable than PET and stiffer, more easily and effectively injectable 
than polyolefins. 
This study is about the preparation and characterization of PET – PP blends, which 
are melt-blended by a single screw extruder. The effects of blend composition, 
compatibilization and processing conditions on final properties of PET-PP blends are 
investigated and discussed in terms of morphological, mechanical and thermal 
properties of the blends. 
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2.  THEORY 
Blending of polymers, can induce a specific response. But “… polymer blending 
requires a wide spectrum of information, from the thermodynamic principles of 
miscibility and compatibilization, to the blend morphology.” (Utracki, 1998, p.20). It 
is important to recognize the relationships between these elements.  
In this section, the rationality of blending polymers will be explained first, followed 
by the factors determining the performance of them. Next, the methods for blending 
polymers will be briefly given and the method used in this study, melt blending of 
polymers by a single screw extruder, will be mentioned in detail. 
2.1 Polymer Blends 
Polymer blends are mixtures of at least two polymers, where the weight percent of 
the lesser component exceeds 2% (Utracki, 1998, p.26). Polymers are mixed either 
for improving a specific property of one of the polymers, such as impact strength, 
processability, etc., or for combining the superior properties of them in one material 
(Baker et al, 2001). In other words, the rationale of blending polymers is to obtain a 
material with desired properties, combining a set of unique characteristics of 
different polymers. As will be further explained in the next sections, performance of 
a polymer blend depends on three factors: Properties of blend components, the 
concentration of the blend components, and the final morphology of the blend in the 
solid state (Utracki, 1998).  
The first step in the construction of a polymer blend is the selection of the blend 
components. Due to the immiscibility of most polymers, a compatibilizer selection 
step is going to be necessary in most cases. Finally compatibilization, compounding 
and processing methods are going to be decided to construct the blend (Utracki, 
1998; Walsh et al, 1984). 
Selection of the blend components arises from a necessity. For example, one may 
have a stiff engineering resin and need both better processability and toughness at the 
6 
same time. Rules of thumb give a hand for decision: Improvement of impact strength 
of one polymer can be achieved by blending with an elastomer; that of modulus 
through using a stiff polymer, etc. Utracki (1994) explains the selection from 
between the possible candidates basing on the principle of the “compensation of 
properties”, which means that among the selected polymers, advantageous properties 
of the first polymer compensate for the disadvantageous properties of the second, and 
vice versa. Some commercial polymer blends with compensating properties of blend 
components are given in Table 2.1 .For example, polyphenylene ether (PPE) is a 
stiff, flame retardant polymer but it lacks in processability and toughness. On the 
other hand, polyamide (PA) is a relatively tough polymer with a good processability 
but it has a disadvantageous characteristic of water absorption. A blend of PPE and 
PA would result in a relatively easy processable, flame retardant, somehow tough 
and less water-absorbent material.  
Table 2.1 : Some commercial polymer blends with compensation properties  
of blend components (Utracki, 1994).                 
Trade 
Name 
Blend Component -1- Blend Component -2- 
1 Advantages Disadvantages 2 Advantages Disadvantages 
Ultranyl PPE 
 HDT 
 High 
   modulus 
 Flame 
   retardence 
 Low impact 
   strength 
 Processability 
PA 
 Processability 
 High impact 
   strength 
 Crystallinity 
 Water 
   absorption 
Bayblend PC 
 Toughness 
 HDT 
 Low stress 
  cracking 
  initiation 
  energy 
 Chemical 
  resistance 
ABS 
 High impact 
   strength 
 Weatherability 
 HDT 
Makroblend PET 
 Chemical 
   resistance 
 Crystallinity 
 Low impact 
  strength 
 Processability 
PC 
 Toughness 
 HDT 
 Low stress 
  cracking 
  initiation 
  energy 
 Chemical 
  resistance 
 
The second step in the construction of a polymer blend is the selection of 
compatibilizer. Since most polymers are immiscible, such as PPE and PA, 
compatibilization of them will be necessary to obtain a relatively homogeneous and 
stable blend. Immiscible, compatibilized polymer blends with intentionally modified 
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morphology and interfaces are called as “polymer alloys” (Utracki, 1998). The 
methods and effects of compatibilization will be covered in the following sections. 
As well as the properties of the blend components, the flow and mixing imposed 
during blending affects on the interfacial energy, which determines the degree of 
dispersion, thus morphology, thus performance. Different morphologies and 
properties can be obtained from a blend prepared by different processing conditions 
(Baker et al 2001; Utracki, 1998). In other words, the performance of a polymer 
blend depends on not only the blend components and their composition but also on 
blending conditions. So, in the third and final step of a polymer blend construction, 
the method of compounding and processing is determined, considering the desired 
morphology.  
2.2 Thermodynamics of Polymer Blends 
The mixing state and the morphology of the solid phase are mostly driven by 
thermodynamics. This section explains why most of the polymers are 
thermodynamically immiscible and the distinction between miscibility and 
compatibility. 
2.2.1 Polymer miscibility 
The miscibility of a system is determined by the Gibbs free energy of mixing 
(ΔGmix,) which is composed of an enthalpic and an entropic term as follows: 
mixmixmix STHG -  (2.1) 
A system with a negative ΔGmix in the whole composition range is miscible (Levine, 
2009). This may be achieved by having either a high entropy of mixing (ΔSmix), or a 
very low or negative enthalpy of mixing (ΔHmix). 
In polymers, the Gibbs free energy of mixing is approximated by Flory-Huggins 
theory in which the entropic term is given by: 
2
2
2
1
1
1 lnln-
mmV
V
RS
r
mix  (2.2) 
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where Vr is the reference volume that can be approximated by the polymer's 
repeating unit, Φ is the volume fraction, m1 and m2 are the degrees of polymerization 
for polymers 1 and 2, V is the combined molar volume of the two components and R 
is the gas constant. This relation assumes that the entropy of the system is governed 
by increased randomness of the system and that both polymers are monodisperse 
(Gavlik, 1995). In mixtures of small molecules, there is little restriction on the 
position of the molecules; and the entropy of mixing is large enough to drive 
miscibility. On the contrary, polymers do not have the same freedom of movement as 
small molecules and therefore cannot randomize as much, which hinders  
polymer-polymer miscibility. In other words, a high molecular weight, thus a high 
degree of polymerization, results in a relatively low ΔSmix (Sun et al, 1999). 
This means that for polymers, the sign of ΔGmix is actually determined by ΔHmix , 
which is expressed as: 
21ij
r
mix
V
V
RTH  (2.3) 
In this relation V is the combined molar volume of the two components, χij is the 
interaction parameter and Φ is the volume fraction (Sun et al, 1999). ΔHmix term does 
not contain the degree of polymerization and thus does not rely considerably on the 
MW of the polymers. A negative ΔHmix will drive the blend to miscibility. However, 
it is positive for most polymer blends due to a large interaction parameter (Baker et 
al, 2001). Thus, most of polymer blends have a negligible entropy term and a 
positive enthalpy term, which makes ΔGmix greater than zero and the polymer 
mixtures immiscible, leading to a phase separated material.  
The positive large interaction parameter, thus the positive ΔHmix ; together with a 
narrow interfacial width, physically means a weak interfacial adhesion between 
phases due to a little penetration of polymer chains from one phase into the other and 
vice versa (Gavlik, 1995). Consequently, few entanglements are formed across the 
polymer/polymer interface leading to easy mechanical failure. 
The state of dispersion of one phase in the other is also governed by 
thermodynamics. The interfacial tension is high for most polymer pairs, which makes 
it difficult to disperse one phase in the other by melt blending. This will result in 
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large inclusions of the dispersed phase, so small interfacial contacts between the two 
phases (Baker et al, 2001). 
An immiscible polymer blend will thermodynamically be unstable. Baker et all states 
that the state of dispersion of one phase in another is governed by mixing conditions, 
thus by thermo-mechanics (agitation) besides thermodynamics (interfacial tension). 
During a melt blending process, the imposed agitation or mixing conditions will 
produce flow stresses which tend to deform and break-up domains whereas the 
interfacial energy of the system will oppose the deformation and break-up of 
domains. So, process conditions in blend preparation affect the final properties of 
polymer blends. For example, the morphology of an immiscible polymer blend 
obtained from a screw extruder may not be the same with that obtained from an 
internal mixer (Utracki, 1998). 
After the blending process, thermodynamics again becomes an important parameter 
on the final morphology of a polymer blend: when the agitation ceases, the 
interfacial tension becomes the unique driving force within the blend. This is related 
to the fact that the phases will desire to minimize their energy, thus minimize the 
total interfacial area by coalescence (Baker et al, 2001).  
2.2.2 Polymer compatibility 
The immiscibility of most polymers does not mean that polymer blends are of little 
use and importance. For many purposes, miscibility in polymer blends is not a must 
(Baker et al, 2001). For example, the impact strength of a polymer can not be 
improved significantly by adding an elastomer miscible to it (Moore et al). In fact, 
the immiscibility of polymers combines the good properties each component in the 
blend without sacrifice in their good features. The problems caused by 
thermodynamic immiscibility (poor dispersion of one polymer phase in the other, 
weak interfacial adhesion between phases and instability) can be lowered by the 
control of the morphology and interfaces of phase-separated blends. Such processes 
of modification of the interfacial properties in an immiscible polymer blend, 
resulting in formation of the interphase and stabilization of the desired morphology, 
are called compatibilization (Utracki, 1998).  
Compatibility is a relative term expressing the degree of the increase in the desirable 
properties when two immiscible polymers are blended (Utracki, 1998.). For example, 
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a blend can be considered compatible relative to another blend depending on the 
improvements in mechanical properties (Yu et al, 1995). Miscibility, on the other 
hand, can be exactly evaluated in thermodynamic terms. 
2.3 Compatibilization of Immiscible Polymer Blends 
The compatibilization of immiscible polymer blends is gained through adding the 
mixture a suitable block or graft copolymer called compatibilizer, which consists of 
two distinct segments that are miscible with one of the blend components. So, each 
segment of the compatibilizer will penetrate to the phase with which it has specific 
affinity. As a result, the compatibilizer will increase the dispersion of one phase in 
the other and the interfacial adhesion between the two phases, stabilizing the system 
(Baker et al, 2001).  
The ability of a compatibilizer to improve the properties of the blend will depend on 
its molecular structure and its location in the blend. In order for the compatibilizer to 
reach the interfaces during a melt blending process, it has to undergo successively, 
melting/plastification, dispersion, solubilization and molecular diffusion, 
respectively. (Utracki, 1998.). This means that it has to be dispersed first in 
sufficiently small domains so as to be "solubilized" by chain disentanglement and 
distributed in the base polymer components, or in-situ formed at the interfaces. For 
the first case, the solubilized macromolecular chains will ultimately reach the 
interfaces by molecular diffusion. 
Basically, there are three distinct strategies for compatibilizing immiscible polymers 
which are non-reactive compatibilization, specific compatibilization and reactive 
compatibilization (Baker et al, 2001). 
2.3.1 Non-reactive compatibilization 
This involves the addition of a proper non-reactive block or graft copolymers to the 
blend. By the addition of a non-reactive compatibilizer which is a pre-synthesized 
block or graft copolymer that bears two distinct segments, these molecules will 
preferentially be located at the interfaces in the blending process. This will reduce 
the interfacial tension, thus improve dispersion of the minor phase within the matrix, 
and enhance the interfacial adhesion in the solid state. 
11 
In this type of compatibilization, a specific time is necessary for the compatibilizer to 
reach to the interphases since it is not in-situ formed directly at the interfaces. This 
time scale may be relatively long with respect to the residence time of a typical melt 
blending process in a screw extruder (a few seconds to a few minutes). For this 
reason, the role of mixing is descent to disperse the copolymer in the blend and to 
shorten the diffusion distance necessary for the copolymer to reach the interfaces. 
Thus, how to get the compatibilizer to the interfaces is a major problem facing 
nonreactive compatibilization (Baker et al, 2001). 
2.3.2 Specific compatibilization 
In specific compatibilization, the blend polymers’ chains must have such a structure 
that allows the compatibilizer to make non-bonding specific interactions such as 
hydrogen bonding (Baker et al, 2001). 
2.3.3 Reactive compatibilization  
In reactive compatibilization, reactive molecules which are capable of forming the 
desired copolymers in-situ directly during blending are introduced to the blend 
system. The basic principles are the same for non-reactive compatibilization and 
reactive compatibilization, except that in reactive compatibilization, chemical 
reactions (interfacial reactions) are involved in the blending process, which makes an 
important difference. In reactive compatibilization, there is no problem of getting the 
compatibilizer to the interfaces since the copolymer is formed directly at the 
interfaces. As a consequence, in-situ formed compatibilizer molecules can easily 
self-organize in the phase where they are the most energetically stable So the 
distribution of one phase in the other is expected to be minor compared to non-
reactive blending.  
From an economy point of view, reactive blending is a very cost-effective process. 
Physical blending requires an additional step for the synthesis and the design of the 
compatibilizing agent whereas compatibilizers are obtained using less complex 
synthesis routes in reactive blending. On the other hand, the applicability of reactive 
blending is limited since there is not a wide range of applicable reactions during 
polymer mixing process (Baker et al, 2001). 
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2.4 Morphology of Polymer Blends 
Immiscible blends result in multiple polymer phases, one for each immiscible 
polymer. In other words, each polymer will have its own separate phase.  
Phase morphology development in immiscible polymer blends can be defined as the 
big change in dimension and shape of the blend components that they undergo during 
compounding. The blending process generally starts with the components in the form 
of pellets in mm or powder in μm size. However, the target morphologies for the 
final product often require domain sizes in the range of 0.1 to 10 μm in order to 
achieve superior performance characteristics. This means that a size reduction of 
about three orders of magnitude is imposed on the initially introduced components in 
the mixing equipment (Harrats, 2008).  
The morphology generation during melt-mixing of immiscible polymers involves 
processes such as fluid drop stretching into threads, break-up of the threads into 
smaller droplets and coalescence of the droplets into larger ones, as shown in  
Figure 2.1 (Baker et al, 2001).  
 
Figure 2.1 : Morphology development in polymer blends (Baker et al, 2001, p.88). 
The balance of the competing processes shown in Figure 2.1 determines the final 
particle size, which results upon solidification of the blend. The final phase 
morphology in a blend is the result of a balance between deformation– disintegration 
phenomena and coalescence (Harrats, 2008). Parameters controlling these processes 
are the viscosities of the major and minor phase, the viscosity ratio, the interfacial 
tension between the components, the mobility of the interface (Utracki, 1998). 
Types of phase morphologies in polymer blends are classified depending on the 
encapsulated structures being considered as a class apart. The most common is the 
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droplet-in-matrix or dispersed morphology (Figure 2.2). The size of the dispersed 
phase in a polymer blend is measured on images observed by microscopy. For  
well-mixed blends, the dispersed phase size versus the log of the diameter of the 
particles results in a normal distribution. This distribution does not appear to be 
substantially altered by changes in interfacial energy or compatibilization (copolymer 
formation), although there may be an effect on the mean size of the particles. For an 
accurate characterization of a droplet-in-matrix phase morphology, it is also 
preferable to etch the particles on the smooth surface by using a selective solvent 
(Harrats, 2008).  
 
Figure 2.2 : Droplet-in-matrix phase morphology in a melt-blended binary blend of  
                  80 wt% polystyrene / 20 wt% polypropylene (Harrats, 2008, p.7).  
In the cocontinuous phase morphology, both phases are mutually interconnected 
throughout the whole volume of the blend (Harrats, 2008). In other words, such a 
morphology consists of two coexisting, continuous, and interconnected phases. Melt-
blended immiscible homopolymers A and B can exhibit a cocontinuous two-phase 
morphology under a particular set of processing conditions (Utracki, 1998). A view 
of such morphology is given in Figure 2.3 . 
 
Figure 2.3 : Cocontinuous phase morphology in melt-blended binary blend of  
                             60 wt% polystyrene / 20 wt% polypropylene (Harrats, 2008, p.8).   
2.5 Characterization of Polymer Blends 
There is a great deal of polymer blends, which are prepared in order to have 
improved mechanical, thermal, transport, electrical and/or rheological properties 
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depending on the purpose. It is very important to accurately determine the properties 
of these materials and explain them depending on the morphology, phase behavior 
and molecular interactions in the polymer blend. 
The resultant morphology of a polymer blend determines its properties. For this 
reason, it is very important to evaluate the phase dispersion in a particular blend. 
Morphological analysis of polymers can be held by light microscopy (OM), scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), and other 
microscopy techniques such as atomic force microscopy, X-ray microscopy 
(Robeson, 2007).  
Among these methods, optical (light) microscopy is the cheapest and (relatively) 
simplest method. A light microscope can be performed in polarized light mode, 
phase contrast mode, and differential interference contrast mode depending on the 
blend. Light microscopy can resolve objects of the order of 1 µm in size, providing 
that the specimen thickness is also of the same order. Very thin specimens are, 
however, not easy to prepare and thicker samples (5 to 10 µm) are often used as the 
lower resolution might be sufficient for most immiscible blends (Vesely, 1996). 
SEM is a very popular technique, which can provide 10 times better resolution than 
light microscopy. The large depth of field is the major advantage as uneven surfaces 
with vertical differences lOO times the resolution still produce focused images. 
Specimens must be coated with a conductive layer, which is achieved by sputter 
coating the surface with gold. For a better contrast, solvent extraction and solution 
swelling techniques can be used in specimen preparation (Vesely, 1996). 
There are also other methods to determine the phase dispersion, such as light 
scattering, but these are usually suitable for a particular range of phase dispersion. 
There are however several problems associated with the microscopy of polymers that 
make these techniques difficult, such as preparation of thin, smooth-surface 
specimens, contrast enhancement, and electron beam damage. 
The most commonly used thermal analysis technique for polymer blends is perhaps 
differential scanning calorimetry, with which glass transition or crystalline melting, 
glass transition temperatures, enthalpy of melting and crystallization can be 
determined. If a polymer blend has a single glass transition, then it is a miscible one. 
For an immiscible and two-semi-crystalline component blend, there will be two 
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distinct melting peaks on the thermogram for each separate phase. The variation of 
blend composition may result in several shifts in the melting points. 
2.6 Methods of Polymer Blending 
As described in previous sections, mechanical agitation also determines the 
morphology of polymer blends, hence the end use properties. This section covers the 
methods of polymer blending and the equipments used for this purpose. 
2.6.1 Solution blending 
In this method, the polymers are dissolved in a common solvent. Blend is produced 
by evaporating the solvent and precipitating the resulting polymer mixture. The use 
of this method is limited due to the difficulty of solvation of many polymers and 
difficulty in getting rid of the solvent (Robeson, 2007). Because of the limited use of 
this method and the method used in this study is melt blending, the melt blending 
method will be focused on. 
2.6.2 Melt blending 
Melt mixing is achieved by mixing the polymers above their melting temperatures 
via several melt mixing equipments (Osswald, 2003). High shear mixers can generate 
fine dispersions with droplet diameters smaller than 1 micrometer (Harrats, 2008). 
2.6.3 Melt blending machinery 
Melt blending machinery can be divided into two groups as batch mixers  and 
continuous mixers (Crawford, 2008). In batch mixers, all of the material to be mixed 
is placed in a mixing chamber containing one or more agitators or mixing rotors. In a 
continuous mixer, the ingredients to be mixed are continuously added to the mixer 
and a uniform compounded stream exists from the machine. In polymer blending, 
mostly performed machineries are internal mixers from the batch mixers class and 
screw extruders from the continuous mixers class. 
2.6.3.1 Internal mixers 
Internal mixers are high intensity mixers that generate complex shearing and 
elongational flows (James, .2001). Their structure consists of a ram, a mixing 
chamber, non-intermeshing or intermeshing rotors and a door at the bottom of the 
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machine. The raw polymer pellets or powders are pressed into the mixing chamber 
by the ram in order to be highly sheared, melted and mixed in the space between the 
two rotating rotors. After enough time, the blend is taken from the door (Manas, 
2009). A schematic view of a Brabender type internal mixer is given in Figure 2.5 . 
 
Figure 2.4 : Internal batch mixers (Han, 2007, p.136). 
 
2.6.3.2 Screw extruders 
Screw extruders are the most common extruders used worldwide, also used 
commonly for polymer blending. A schematic view of a screw extruder is given in 
Figure 2.5 . 
 
Figure 2.5 : A screw extruder (Rauwendaal, 1998, p.37). 
These extruders, either single screw or multi screw, mainly consists of one or more 
specific length and design screw or screws with certain angled flights and channel 
depths that varies from the solids conveying to metering sections; and a barrel 
covering it, between which there is a slight distance called clearance, and a die exit at 
17 
the end. The polymers are fed from a hopper to the screw. They are then transported 
along the barrel while being heated by conduction from the barrel heaters and shear 
due to its movement along the screw flights. At the end of the extruder the melt 
passes through a die to produce an extrudate of the desired shape (Rosato, 1998).  
Screw extruders for blending polymers are either single or (in most cases) twin screw 
extruders. The latter is  subdivided into classes depending on the respective rotation 
direction (corotating and counter rotating) of the screws and the mesh distance (fully 
intermeshing, partially intermeshing, non-intermeshing) between them. Such twin 
screw extruders have parallel screw shafts. Another common twin screw extruder is a 
conical, where the counter rotating, intermeshing screws are tapered rather than 
paralel (Giles, 2005). Figure 2.6 shows twin screw extruders. 
 
Figure 2.6 : Types of twin screw extruders (Giles, 2005, p.97). 
There are two fundamental differences between single screw and twin screw 
extruders, one on the type of transport that takes place in the extruder and the other 
velocity patterns of the materials. Material transport in a single screw extruder is a 
drag induced one, whereas transport in an intermeshing twin screw extruder is to 
some extend a positive displacement type of transport. So, polymers with 
unfavoriable frictional and viscous properties can not be processed in single screw 
extruders. The second and the most important difference is in the velocity patterns in 
the extruder. The velocity profiles in single screw extruders are not as complicated as 
in twin screw extruders, which means a better mixing, thus better heat transfer and 
melting capacity (Rauwendaal, 2001.). 
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2.7 Extrusion Process 
2.7.1 Extrusion 
Extrusion is a process where the feed is homogeneously delivered to the die to take a 
desired shape product by being pushed forward with sufficient heat and pressure 
through the extruder (Rauwendaal,1998). In batch extrusion systems, the aim is only 
to take a desired shape product so the feed is already uniform. On the other hand, in 
continuous extrusion processes, the ingredients are fed together to the extruder and 
besides taking the shape of the die, homogeneous mixing of the ingredients is also 
very important. 
A general scheme of extrusion processes is given in Figure 2.7 . In many extrusion 
applications, some prior and downstream operations are also necessary. Polymers 
which are hygroscopic need drying to prevent degradation due to moisture before 
being fed. In most cases, the polymer will be fed not alone but with some other 
ingredients such as additives, if a blend is point at issue, the other blend component, 
compatibilizer etc. So a feed preparation step is usually necessary. After the 
preparation of true and dry formulation, it is fed to and extruded in the extruder to be 
melted, mixed, delivered to the die homogeneously and shaped. Then, the product, 
namely extrudate or throughput or output, is usually cooled by such means as air or 
water cooling, and collected pullers. Further operations such as printing, annealing 
may be necessary in some cases. Lastly, the product quality is checked before 
packaging step (Giles, 2005). 
 
Figure 2.7 : A general scheme of extrusion process (Giles, 2005, p.83). 
19 
As mentioned under 2.6.3.2 title, in a screw extrusion process, polymer is fed from 
the hopper, and mechanically pushed forward by the rotation of the screw. Along its 
travel to die, the fed polymer is heated to certain temperatures by the heater bands 
within the barrel and mainly by the shear created within the extruder to be melted 
and mixed homogeneously. After reaching to the die by a pumping action, the 
homogeneous melt is forced through a die orifice that relates to the shape of the 
product’s cross section. The formed melt (extrudate) is cooled as it is being drawn 
away from the die exit through down-stream equipment (auxiliary equipment 
includes up-stream and down-stream equipment). Products produced include films, 
sheets, profiles, pipes, tubes, rods, wire/cable coverings, coatings, filaments, blown 
shapes, and others (Rosato, 1998).  
Each step in this whole extrusion line is very important for the product to be in the 
desired spec. Any deviation from the determined conditions in any step, for example 
a change in the extruder temperature profile, screw speed, or cooling temperature, 
puller speed, drawing ratio, will result in very big differences in the product 
properties. For instance if screw speed is changed, a homogeneous mixing may not 
be obtained depending on the residence time, screw itself etc. If the temperature of 
the cooling bath deviates, a very different product will be obtained depending on 
different crystallization kinetics (Giles, 2005).  
 
Figure 2.8 : A general view of a single screw extruder (Han, 2007, p.58). 
It is convenient to classify extruders as continuous-processing and discontinuous 
processing according to their mode of operation. Namely, there are continuous 
extruders with single-screws or multiscrews ; continuous disk or drum extruders, 
which use viscous drag melt actions or elastic melt actions and discontinuous 
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extruders, which use ram and reciprocating actions (Crawford, 1998). Since a single 
screw extruder (Figure 2.8) is employed in this thesis, only this type of extruder will 
be mentioned from now on.  
2.7.2 Single screw extruder components 
A single screw extruder has five major equipment components: drive system, feed 
system, screw-barrel and heaters system, die assembly and control system (Giles, 
2005). 
The drive system, comprising of the motor, gear box, bull gear, and thrust bearing 
assembly parts, turns the screw at the required rotating speed over a certain speed 
range. The drive also provides the required amount of torque to the shank of the 
screw. Various drive systems, either direct or indirect, are used to meet performance 
requirements (Rosato, 1998). 
The feed system consists of the feed hopper, feed throat, and screw feed section. This 
part is the solid polymer pellets or powders or their mixture’s introduction to the 
extruder, where the conveying is the result of the weight and solid state fluidity, thus 
frictional motion of the materials. The solid feed systems that rely on gravity are 
flood and starve feeding, where feeding rate is determined by the extruder screw 
speed in the former and is controlled in the latter. Both feed systems have a hopper 
sitting directly over the extruder feed throat. The feed throat section, attached 
directly to the extruder barrel, is water jacketed for cooling (Giles, 2005).  
The screw, barrel, and heating systems are shown in Figure 2.9. The screw conveys 
material forward by rotating, contributing to the heating and melting, homogenizing 
and mixing the melt, and delivering the melt to the die. The barrel and heaters help 
heat and melt the polymer by controlling the temperature with temperature sensors 
and control system. There must also be a cooling system over the barrel to prevent 
temperature raise above set point, which is accomplished usually by air and rarely by 
water (Rauwendaal, 1998). 
A single screw extruder screw typically has three different sections of feed, transition 
(or melting) and metering (or melt conveying) zones. These zones and screw 
nomenclature are shown in Figure 2.10 . 
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Figure 2.9 : Screw, barrel and heaters in a single screw extruder (Rauwendaal, 1998, p.9). 
The feed section has deep flights to transport powder or pellets away from the feed 
throat. The transition section changes gradually from deep flights with unmelted 
pellets to shallow flights containing the melt. Resin is compressed in the transition 
section during the melting process. Metering is the last screw section and has the 
shallowest flight depths (Giles, 2005). The screw conveys the polymer through the 
die. It also plays a crucial role in the dispersive and distributive mixing of the 
polymer(s), which will further be explained. 
 
Figure 2.10 : Sections of a screw and screw nomenclature (Giles, 2005, p.18). 
The Die assembly is connected to the extruder by the head assembly which consists 
of the breaker plate and the adaptor if necessary. At the end of the barrel is the screen 
pack and the breaker plate, which traps contaminants such as unmelted particles and 
supports the screen respectively. The die is placed at the discharge of the extruder, to 
shape the flowing plastic into the desired cross section of the extruded product. Dies 
can be categorized by the shape of the product that they produce as annular dies (for 
tube, pipe, wire coating), slit dies (film, sheet), circular dies (fiber, rod) and profile 
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dies. The design must be such that the plastic melt achieves a uniform velocity at the 
die exit and the dimensions must be true after shrinkage (Giles, 2005). 
The control system’s true function is very important since extrusion is a very 
complicated process. The most important process parameters are melt temperature 
and pressure. Other important process parameters include screw speed, motor load, 
barrel temperature, die temperature, power draw of the various heaters, cooling rate 
of the various cooling units and vacuum level if being applied. All of these 
parameters must continuously be controlled by appropriate measuring devices and 
control systems (Rauwendaal, 2008). 
2.7.3 Single screw extruder zones 
In an extruder, a number of critical activities are performed which give the name of 
its zones as solids conveying, melting, mixing, melt conveying and die forming 
zones. In feed zone, the formulation is being compacted as it is conveyed forward to 
the transition zone. Melting or plasticating is the section where polymer is converted 
from a solid to a melt for semicrystalline polymers or softened to an acceptable 
processing viscosity with amorphous polymers. After plastication, the melt is 
conveyed forward through the metering section and pumped to the die. In some 
extruders, the melt may go through a devolatilization or decompression zone where 
moisture, volatiles, or solvent are removed. A vent may be placed on the extruder 
barrel on a proper position to get rid of some volatile components by decreasing the 
pressure, if necessary. To achieve a homogeneous polymer melt, the melt can be 
further mixed before it is conveyed to the die forming zone, for instance by a static 
mixer (Rauwendaal, 1998). 
 Solids Conveying Zone is the first zone of an extruder where the formulation is 
entering to the process in the solid state. The flow in this section is very important 
and affected by the materials’ particle size and shape, particle size and shape 
distribution, bulk density and frictional properties, The design of the feed hopper and 
the cooling have a strong effect on the flow in feed section. The hopper must provide 
a steady flow without bridging, funneling and selective entrapment of the feed and 
the feed throat must be cooled enough to prevent the pellets from premature melting 
(Crawford, 1998). 
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 Melting Zone : Melting or plastication starts in the feed zone approximately five or 
six screw diameters from the feed opening (Giles, 2005). Semicrystalline polymers 
go through a sharp melting point, while amorphous polymers will continue to soften 
above Tg until the viscosity is low enough to process the polymer.  
Two heat sources are available to melt or plasticate the polymer: conduction from the 
barrel and viscous shear heating. Similar to generation of frictional heat by sliding 
two pieces of paper to each other; most heat is generated by polymer shear heating. 
This shear heating comes from two sources; one is the scraping of the resin in contact 
with the barrel wall by the screw, and the other is the individual layers of polymeric 
materials sliding over or under each other during the flow, generating viscous heat 
(Giles, 2005). 
 
Figure 2.11 : Polymer melting in a single screw extruder (Giles, 2005, p.40). 
The polymer melting process in the extruder is shown in Figure 2.11 The plastic 
solid bed is pushed forward by the pushing edge of the flight in the feed section. As 
the polymer approaches the screw transition section, a thin melt film develops 
between the solid bed and the barrel wall. In the transition section, the polymer is 
compressed by the solids conveying pressure and by the increasing screw root 
diameter as the material is conveyed forward. Polymer melts in the thin melt film 
region generated between the solid bed and barrel wall from the combination of shear 
and barrel heating. Viscous heat generation occurs at the boundary between the melt 
film and the solid bed. The pushing flight scrapes the melt off the barrel wall, 
creating a melt pool against the pushing flight and forcing the solid bed forward 
against the trailing flight. As polymer is conveyed forward in the transition zone, the 
melt pool increases in size as the solid bed melts (Giles, 2005). 
Molten polymers are viscoelastic, Non-Newtonian fluids, meaning the polymer flow 
has both a viscous component and an elastic component. The elastic component in 
polymer flow makes polymers non-Newtonian in nature, resulting in shear thinning 
or polymer viscosity decreases with increasing shear rate. Unfortunately, as the shear 
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rate increases, more heat is generated at the shearing surfaces, leading to possible 
polymer degradation and/or discoloration (Crawford, 1998).  
 Melt conveying zone: The third polymer zone in the extruder is called the melt 
conveying or pumping zone or metering zone, where melt is moved from the 
transition zone to the die. If the barrel is assumed to be rotating and the screw to be 
stationary, the polymer melt would follow the flow path shown in Figure 2.12 in the 
metering channel. 
 
Figure 2.12 : Flow of polymer melt in the melt conveying zone (Giles, 2005, p.42). 
A particular point in the melt (point 1 in Fig. 2.12) close to the barrel wall moves in 
the direction of the barrel as it rotates until it comes in contact with the pushing flight 
(point 2). As the barrel continues to rotate, the plastic is forced down the pushing 
flight (point 3), moving across the channel, where it reaches the trailing flight and 
turns upward toward the barrel surface. Near the barrel surface, it rotates with the 
barrel surface again until it comes in contact with the next pushing flight (point 4). 
This spiraling motion, called as the drag flow, together with backward flow created 
by the head pressure provides the total mixing in a single screw extruder when 
mixing elements are not present (Giles, 2005). The extruder output is given by the 
following equation: 
lpd QQQQ --  (2.3) 
where Q is the plastic output, Qd is the drag flow, Qp is the pressure flow and Ql is 
the leakage flow. Leakage flow is the flow over the screw flight. This occurs with 
worn screws where the flight to barrel clearance is larger than normal; otherwise 
leakage flow is minimal and normally ignored (Crawford, 1998).  
 Mixing Zone: Mixing is another critical extruder function, even when processing 
only one virgin polymer stream. Mixing is determined by the residence time and the 
shear rate the fluid is exposed to in the mixing section. Residence time is defined as 
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the total time a given particle spends in the extruder from the moment it enters the 
extruder feed throat until it exits the die. Some particles, depending on their path 
through the metering section, spend a longer time in the extruder compared to other 
particles (Giles, 2005). So there is a distribution of residence time, which is the range 
in time that various particles spend in the extruder. At a given screw speed, there is 
an average residence time materials spend in the extruder; some are longer and some 
are shorter. 
The two types of mixing occurring in the extruder are distributive and dispersive 
mixing. As their names describe, distributive mixing evenly distributes particles 
throughout the melt, while dispersive mixing breaks up agglomerates or large 
particles and disperses them evenly throughout the melt (Osswald,). Distributive and 
dispersive mixing is shown schematically in Figure 2.13 . 
 
Figure 2.13 : Distributive and dispersive mixing (Giles, 2005, p.43). 
Single screw extruders without mixing elements (or sections) do a relatively poor 
mixing job. The spiraling flow in the metering section and the large variations in 
shear histories, depending where the material is in the screw channel, do not lead to 
extensive mixing. Which mixing section to add to the extruder screw depends on the 
polymer being processed and mixing required. 
 
Figure 2.14 : Distributive mixing elements (Giles, 2005, p.43). 
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Some distributive mixing elements are shown in Figure 2.14 . Distributive mixing is 
a low shear process accomplished by repeatedly changing the flow directions by 
breaking the molten polymer into channels and recombining the melt. It is used with 
fibers, reinforcing fillers, and shear-sensitive materials to provide a uniform melt 
temperature (Giles, 2005). 
Three common dispersive mixing elements are shown in Figure 2.15 . Such mixing 
elements force polymers to pass a restrictive barrier through small clearances. 
Dispersive mixing is a high-shear process where molten polymer is forced through 
very small openings, generating significant shear heat. It is used in alloying different 
plastics, pigment dispersement, and mixing nonreinforcing fillers and additives. 
Dispersive mixing sections require more energy than distributive, which may raise 
the polymer temperature and cause degradation (Rauwendaal, 1998). 
 
Figure 2.15 : Dispersive mixing elements (Giles, 2005, p.44). 
Another approach to use when mixing is inadequate and no mixing elements are 
present on the screw is a static mixer in a transition pipe between the extruder head 
and the die. Many static mixer designs are available that provide good distributive 
mixing by constantly dividing and recombining the flow stream. Static mixers are 
installed in pipes where the fluid motion is essentially plug flow. In addition to 
improved melt uniformity with a static mixer, color and additive homogenization is 
improved. Static mixers are available in many different configurations and 
geometries, depending on the mixing requirements. 
 Die forming zone: The die shapes the melt pumped from the extruder to provide the 
desired cross sectional dimensions at a specific throughput rate. It also contributes to 
the physical properties by controlling molecular orientation in the product (Giles, 
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2005) . A general scheme of an extruder die is shown in Figure 2.16 . Three zones 
within the die shown in Figure 2.16 produce the final cross section of the extrudate. 
 
Figure 2.16 : A general scheme of an extruder die (Giles, 2005, p.20). 
When the extrudate reaches to the die, first, the entrance zone, including the screen 
pack and breaker plate, filters the melt while reducing the spiraling action of the 
polymer off the screw end and the pressure spikes. Second, the transition zone or 
adapter changes the extruder circular cross section to a wide assortment of shapes 
(depending on application), leading up to the die lips. Lastly, the melt acquires its 
final characteristics and shape in the parallel zone before exiting the die. The parallel 
zone or die land area controls to a certain degree the die swell, back or head pressure, 
and flow uniformity in the extruded part cross section (Giles, 2005). 
2.7.4 Mixing in melt polymer blending in a single screw extruder 
Mixing in melt blending is very important in the formation of the final blend 
morphology. Melt mixing is a complex process involving melting of the solid pellets, 
distributive mixing (particle elongation), dispersive mixing and droplet coalescence 
(Baker, 2001). In order to gain superior properties, both good dispersion and good 
distribution of the dispersed phase in the matrix is necessary. A good distributive 
mixing can be achieved by providing convoluted flow paths that split and reorient the 
flow repeatedly. A good dispersive mixing can be achieved by passing the mixture 
through small regions of the intense deformation (Osswald, 1998.) 
2.8 PET-PP Blends 
2.8.1 PET 
Poly(ethylene terephthalate) is a thermoplastic polyester which is widely used in 
fiber, film, packaging and insulation applications, in capacitors and as an engineering 
plastic. This condensation polymer is characterized by the ester linkage which is 
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produced from equimolar concentrations of a diacid and glycol (Odian, 2001). This 
structure is shown in Figure 2.17. Some physical properties of PET are given in 
Table 2.2 . 
 
Figure 2.17 : Structure of PET. 
PET is commercially produced either by transesterification from dimethyl 
terephthalate (DMT) and ethylene glycol (EG) or direct esterification from 
terepthalic acid (TA) and EG.  
Table 2.2 : Some physical properties of PET. 
Property Value Range 
Young's modulus  2800–3100 MPa 
Tensile strength  55–75 MPa 
Elastic limit 50–150% 
Glass transition temperature  75 °C 
Water absorption Up to 0.16 
 
 
In production of PET by both transesterification and direct esterification, a two step 
procedure is followed. Firstly, the diacid and ethylene glycol is reacted to give 
oligomers in the presence of catalysts around 150-210°C. In the second step, 
oligomers undergo melt polycondensation to produce high molecular weight PET 
resin (Brooks, 2002). 
 
Figure 2.18 : PET synthesis from dimethyl terephthalate and ethylene glycol. 
In the case of DMT and EG (Figure 2.19), the first step is the production of  
bis (2-hydroxyethyl) terephthalate and methanol around 150-210°C. In this first part, 
EG is consumed and methanol is evaporated continuously. Small amounts of 
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oligomers are also formed in this stage. Polymerization takes place in the second 
stage after the temperature is brought to about 280°C, where EG is continuously 
removed by using vacuum. Both the first and second step is facilitated by using a salt 
of a transition metal or earth alkaline metal (Brooks, 2002). 
 
Figure 2.19 : PET synthesis by direct esterification. 
In the direct esterification process (Figure 2.20), reaction of TA and EG to give  
bis (2-hydroxyethyl) terephthalate and water is carried out about 240°C at 
atmospheric pressure, where water is eliminated. Excess of EG is used since the 
solubility of TA in EG is very low. This first step is self catalyzed by TA. In the 
second step, the temperature is raised to about 280°C to affect transesterification, 
with elimination of EG, using an antimony oxide catalyst (Odian, 2001). 
2.8.2 PP 
Polypropylene is a versatile member of polyolefins which are profoundly affected by 
stereoregularity (Figure 2.21). This thermoplastic polymer is used in a wide variety 
of applications including packaging, textiles, stationery, plastic parts and reusable 
containers of various types, laboratory equipment, loudspeakers and automotive 
components (Odian, 2001). 
 
Figure 2.20 : Structure of isotactic, syndiotactic and atactic polypropylene. 
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The isotactic polypropylene is prepared with various modifications of Ziegler-Natta 
coordination catalysis, producing polymers with varying degrees of stereoregular 
order with isotacticity up to 98%. Syndiotactic polypropylene is prepared with 
soluble coordination catalysis and the stereoregularity attained is generally lower 
than that of isotactic polymers. Atactic polypropylene can be obtained by extraction 
with boiling n-heptane from isotactic polypropylene of lower stereoregularity 
(Nwabunma, 2008). 
The monomeric units in polypropylene contain an asymmetric center that leads to the 
possibility of generating a variety of molecular chain structures. Depending on the 
polymerization conditions, tail-tail, head to head or more commonly head-to tail 
structure can be created. Even in purely head-to-tail PP, asymmetric centers may be 
placed in mutual meso or racemic orientation, thus forming isotactic or syndiotactic 
various length sequences, which are chemically identical but have different 
configuration structure. The relative amounts and the distribution of these I and s 
units determines the composition and tacticity of polypropylene, strongly effecting 
its properties. For example, chains with long regular sequences of like structures will 
exhibit a higher tendency to crystallize, while polymers with a more varied 
distribution of the basic units can present a wide range of elastic properties 
(Nwabunma, 2008). 
2.8.3 PET-PP blends 
As mentioned in the theoretical part, like most of the polymers, PET and PP are 
highly immiscible. Nevertheless, PET – PP blends may result in a more 
advantageous material than the pure components when compatibilized. As 
Papadopoulou and Kalfoglou (2000) states, in these blends, PET may enhance the 
stiffness of PP at higher temperatures and PP may further raise blend stiffness by 
facilitating crystallization of PET, which is a very important parameter in injection 
molding and other processes. In addition, the lower permeability of PET towards 
water vapor and oxygen could be usefully utilized in packaging materials if the 
morphology of the alloy is optimized. Also the hydrophobic nature of the polyolefin 
may in principle reduce moisture sensitivity of the polyester and facilitate its 
crystallization. In addition to property diversification, utilizing thermoplastics 
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available through recycling technology may contribute to the abatement of 
environmental pollution and resource conservation. 
For the compatibilization of PET – PP blends, epoxy functionalized (Champagne et 
al, 1999) and maleic anhydride (MAH) functionalized polypropylenes are commonly 
used as well as styrene–ethylene/butylene-styrene copolymers. Oxazoline grafted PP 
(Vainio et al, 1997; Mantia et al, 2001.) isocyanate grafted polyolefins (Kim et al, 
2000; Bae et al, 2001.), PP grafted with itaconic acid and itaconic acid derivatives 
(Pedram et al, 2003.), and modified lignin (Aradoaei et al, 2010) have also been 
effectively performed as compatibilizers in PET-PO blends.  
Acrylic acid grafted polyolefins have been beeing used as compatibilizers in PET-PO 
blends from Bataille et al (1987) to Sadek et al (2008). Lambla et al. also (1996) 
prepared a PBT / PP blend by one-step reactive extrusion process, where acrylic acid 
monomer, PP and PET were fed to an intermeshing co-rotating twin screw extruder 
for the in-situ synthesis of PP-g-AA to react with PET end groups at the interphases. 
Xanthos et al (1996) compared the 40 / 60 wt. % PET / PP and PET / PP-g-AA 
blends. They prepared the blends by both a batch process in an internal mixer and a 
continuous process in an intermeshing co-rotating twin screw extuder.  
PET / PP-g-AA blends, especially in the case of a transesterification catalyst use, had 
better mechanical properties than PET / PP blends.  
In another study (Frontini et al, 2005.), an ethylene/methacrylic acid (EMA) 
copolymer was used as a compatibilizer agent to produce 50/50 PET/HDPE blends, 
which were prepared by compression molding at 270ºC and 75 MPa for 15 min., and 
by extrusion at a 230ºC, 260°C, 270°C, and 280°C temperature profile and at 60 rpm 
in a twin screw extruder. EMA copolymer was found to act as an effective 
compatibilizer when used at a 7 wt.% level. Ethylene- vinyl acetate copolymers 
(Morye,1996), MAH grafted polyethylene-octene elastomers (Hsiao & Chiu, 2006.), 
and glycydyl methacrylate grafted ethylene-propylene-diene rubber (Hui et al, 2007.) 
have also been performed as compatibilizers in PET – PP blends. 
A-B-A type block copolymers consisting of styrene endblocks and butylene, 
isoprene, or ethylene/butylene midblocks are thermoplastic have been shown to act 
as compatibilizers for different polymer blends, especially for those of polystyrene or 
polyesters with polyolefins (Baker et al, 1997). For example, Heino et al (1997) 
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investigated the effect of three different styrene–ethylene/butylene-styrene (SEBS) 
triblock copolymers on PET / PP blends by studies on morphology and mechanical, 
thermal and rheological properties of the blends. These compatibilizers were namely 
unfunctionalized SEBS, MAH grafted SEBS and (SEBS-g-MAH) or glycidyl 
methacrylate grafted (to the midblock) SEBS (SEBS-g-GMA). The last acted as the 
most effective compatibilizer. Pracella et al (2005) used several grades of  
SEBS-g-GMA and styrene-b-(ethylene-co-propylene) block copolymers in 75 / 25 
(by wt. %) PET / PP blends, which were prepared via melt mixing in an internal 
mixer at 260°C with a roller speed of 50 rpm under a nitrogen stream. They showed 
that lower molecular weight, shorter polystyrene sequence copolymers had better 
compatibilizing effect. 
PP-g-MAH is another copolymer used commonly in the compatibilization of PET / 
PP blends. Cheung and Chan (1997) used Epolene E-43 grade PP-g-MAH, which has 
a Mn of 3900 and Mw of 9100 g/mol and an acid number of 47. The PET / PP blends 
with compositions of 10 / 90, 50 /50 and 70 / 30 wt. % were prepared by melt 
blending in a single screw extruder at 45 rpm at 238ºC / 248ºC / 248ºC / 240ºC 
temperature profile. The rheological analysis of the blends by a capillary rheometer 
at 260ºC showed that the shear viscosities of the blends were lower than the 
homopolymers and the addition of the compatibilizer further reduced the viscosities. 
Addition of E-43 also improved the tensile strength and modulus of the blends, 
whereas it had little effect on the elongation at break. 
Yoon et al (1997) studied the properties of PET/PP and PET/PP-g-MAH blends 
which were prepared via melt blending at in an internal mixer at 280°C for 30 
minutes over a wide composition range from 10/90 to 90/10 PET/PP and PET/PP-g-
MAH weight ratio. The weight average molecular weights of PET, PP and  
PP-g-MAH were 38,800, 232,000 and 131,600 respectively. They achieved better 
mechanical properties in the latter blend and showed that degradation up to 15% for 
both did not affect the mechanical properties much. 
Zadhoush et al (2007) studied a solid state grafting of MAH on PP and used this  
PP-g-MAH as a compatibilizer between 5 – 15 wt % in 70/30 wt% PET/PP blends 
which were prepared in an internal mixer at 265°C at 40 rpm. They also added an 
antioxidant in 0.1 wt%. From morphological analysis of the blends, they showed that 
increasing weight percent of PP-g-MAH in the blends decreased the dispersed 
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particle size and increased the uniformity of dispersed domains. Sheng et al (2007) 
also showed that a PP-g-MAH compatibilizer caused a distinct decrease in dispersed 
particle sizes in PET / PP blends.. 
Pang et al (2000) grafted three different MAH derivatives, namely N, N-
dihydroxyethyl monomaleic amide, octodecyl monomaleate, and 2-(N, N-
dihydroxyethylamino) ethyl monomaleate onto polypropylene and performed these 
to compatibilize PET/PP blends. The compatibilizing effects of the three PP grafts 
were very different. 2-(N, N-dihydroxyethylamino) ethyl monomaleate 
compatibilizer produced the finest dispersed phase morphology. 
Shieh et al (2001) studied a dual compatibilizer system consisting of a commercial 
PP-g-MAH with 0.15 wt. % MAH content and a multifunctional epoxy resin to 
reactively compatibilize a 50/50 wt% PBT/PP blend. They premixed PP–g-MAH 
with the epoxy resin to obtain PP-g-MAHco-epoxy structure. Then, blending PET 
and PP with this functonalized structure, they achieved a reactive blending by the in 
situ-formation of  PP–g-MAHco- epoxy-co-PBT copolymers through a co-rotating 
intermeshing twin screw extruder which had an L/D of 36 at barrel temperatures 
ranging from 200°C-245°C from the feeding to the metering and die zones 
respectively.  
PET / PO blends are also prepared by using post-consumed homopolymers since 
they constitute an important percentage of plastic wastes, which makes the 
valorization of them a must. For example, Lei et al (2009) blended post consumer 
HDPE and post consumer in the presence of a PP-g-MAH compatibilizer, an impact 
modifier (SEBS) and a chain extender (diisocyanate). RHDPE/R-PET weight ratios 
were 70/30, 50/50, and 30/70 and the loading levels of diisocyanate, PE-g-MAH, and 
SEBS were 0.5%, 2%, and 5%, respectively, based on the total weight of R-PET and 
R-HDPE. Depending on morphological, thermal and mechanical property analysis, 
they claimed that blends provided potential matrix materials for natural fiber plastic 
composites. In another study (Jaziri et al, 2008.), PP / post-consumer PBT blends 
were prepared in 95 / 5, 90 / 10 and 80 /20 wt. % compositions with and without two 
different compatibilizers (ethylene-co-glycidyl methacrylate copolymer (E-GMA) 
and ethylene/methyl acrylate/glycidyl methacrylate terpolymer (E-MA-GMA) ) by 
melt blending in a co-rotating twin screw extruder twin-screw extruder (L/D= 34.5, 
D= 34 mm) with a screw rotation speed of 150 rpm and a temperature profile 
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between 180ºC-235ºC. E-GMA copolymers were reported to have better 
compatibilization effect. This compatibilizer was also found to compatibilize 
recycled PET and recycled HDPE blends of 75 / 25 and 25 / 75 weight ratio best over 
several compatibilizers such as HDPE-g-MAH, ethylene-propylene copolymer 
grafted with GMA, E-GMA, ethylene-acrylic acid copolymer and SEBS-g-MAH 
(Pracella et al, 2002).  
 
 
.
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3.  EXPERIMENTAL 
3.1 Chemicals 
3.1.1 Poly(ethylene terephthalate) (PET) 
PET, which was produced by Octal Petrochemicals FZC, was obtained from Aksoy 
Plastik. It is of OCTAL GP01 grade with a low crystallinity degree, which makes the 
heat of fusion low when compared with most of the commercial PET resins. This 
PET is said to be most suitable for water, carbonated soft drinks, alcoholic 
beverages, hot fill, oil containers and pharmaceutical material packaging by the 
producer. The intrinsic viscosity ( at 30ºC in Ph/TCE 60/40) is 0.81 dL/g and melting 
point is 242ºC. 
3.1.2 Polypropylene (PP) 
PP homopolymer was the commercial Buplen 6531 isotactic PP supplied from 
Lukoil Company. The melt flow rate, Izod impact strength, tensile strength (due to 
ASTM 4101-94 at 50 mm/min) and the deflection temperature (under 1.820 MPa) 
are 4.94 g/10 min, 25 J/m (minimum), 30 MPa and 55ºC respectively. The density is 
declared to be minimum 899 kg/m
3
 and maximum 906 kg/m
3
 by the company. 
3.1.3 Maleic anhydride grafted polypropylene (PP-g-MA) 
Maleic anhydride functionalized polypropylene (PP-g-MA), containing 1 wt% of 
maleic anhydride, was obtained from Aksoy Plastik. The density and viscosity of PP-
g-MA are 0.93 g/cm
3 
(at 23
o
C) and 1100 mPa.s respectively. The softening point is 
approximately 161
o
C. 
3.1.4 Masterbatches 
Red-coloured PET masterbatches, which were prepared by mixing virgin PET with a 
red coloured solvent in 10 % were obtained from Aksoy Plastik to be performed in 
the determination of residence time.  
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3.2 Equipments 
3.2.1 Vacuum drying oven 
The drying of the PET pellets at 120ºC for at least 6 hours under vacuum was done in 
a Vacucell vacuum drying oven, which had a drying capacity between +5ºC - 200ºC 
temperatures. Drying of the pellets were crucial to prevent the hydrolytic degradation 
of PET under extrusion conditions. 
3.2.2 Vacuum pump 
Value VE 125 model, one stage vacuum pump was used to apply vacuum for the 
drying of samples in oven and keeping them in vacuum desiccator. 
3.2.3 Vacuum desiccator 
Dried PET pellets were taken into a vacuum desiccator as soon as they have been 
dried in the vacuum drying oven. 
3.2.4 Extruder 
A single screw extruder with a diameter of 25 mm and L/D of 25 was used to prepare 
PET / PP blends by melt mixing method. The scheme of the extruder is given in 
Figure 3.1. 
 
Figure 3.1 : Single screw extruder. 
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The motor is a 3 KW, 1450 rpm AC electric motor to supply the power for the 
movement of the screw. The reduction gear, with a 3KW ger resistance, has a 
reduced turning speed of 97 rpm box to deliver AC motor torque. Temperature 
control is achieved by PID control of ceramic heaters, which are placed over each 
zone and air blowers which were attached to every section for cooling action. The 
heaters have a capacity of giving 3 watts per every cm² of the barrel surface and are 
divided in 3 sections. Every ceramic heater section is surrounded with a cover. All 
the controllers are introduced in a control board. The control board contains an AC 
motor invertor which can change the motor speed by adjusting the frequency. 
Temperature of the barrel measured by PT 100 sensors and controlled by PID 
controllers. A static mixer is placed between the barrel and the die. The pressure 
before the die is monitored by the pressure gauge.  
 
Figure 3.2 : Screw configuration 
The screw of the extruder has 3 stages, which consists of universal single flights in 
the feeding and transition zones and dispersive mixing elements in the metering 
zone. The compression ratio (ratio of metering section flight depth/feeding section 
flight depth) is 2.05 . The screw configuration is given in Figure 3.2 . 
 
Figure 3.3 : Static mixer. 
38 
In order to further increase the degree of mixing, a static mixer is placed between the 
barrel and die. This static mixer which is given in Figure 3.3 consists of eight mixing 
elements. 
3.2.5 Micro compounder and mini injector 
A DSM Xplore microcompounder, which is a vertical, counter rotating twin screw 
extruder with a capacity of processing 12g polymer was used to melt and 
homogeneously mix the blend pellets before injection molding. Then, the pellets 
were injection molded by DSM Xplore mini injector into a standard dumbbell-shape 
specimen mold. 
3.2.6 Optical microscope 
The morphological evaluation of the blends were done with an Olympus 1X71 Invert 
Microscope. This microscope has Hoffman and Novasky modes and can operate 
under polarized or non-polarized light. The maximum zooming capacity is 800X. 
3.2.7 Universal testing machine 
A Zwick / Roel Z.05 universal testing machine was performed for the evaluation of 
tensile properties of the blends. The machine was equipped with an extensometer and 
had Zwick 8195 type, 1kN pneumatic grips. The load cell was capable of applying 
500 N force and testing samples up to 50 mm / min speed.  
3.2.8 Melt flow index device 
HAAKE Melt Flow MT was used to measure melt flow rate (MFR) values of the 
samples. It is equipped with a standard 8 mm in length and 3 mm in diameter die, a 
standard 6.35 mm in length and 9.4772 mm in diameter piston, and a standard load to 
apply 2.16 kg force during the extrusion. 
3.2.9 Differential scanning calorimetry analysis 
Thermal analysis of the samples were done with a TA Q1000 Differential Scanning 
Calorimetry equipment. The analysis were done for all blends and pure PET, PP and 
PP-g-MA between 30ºC and 300ºC at 10ºC/min heating rate under inert atmosphere. 
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3.2.10 Thermogravimetric analysis 
The degradation temperatures of the PET, PP and PP-g-MAH were detected by a 
Linseis thermogravimetric analyser of STA PT 1750 type which is capable of 
working between -100ºC – 450ºC under inert atmosphere. The analysis for PET were 
done from 30ºC to 450ºC, and between 30-350ºC for PP and PP-g-MAH. 
3.3 Experimental Procedure 
3.3.1 Optimization 
The aim of this study is to analyze the effects of composition, compatibilization and 
processing conditions on PET-PP blends which are prepared by melt mixing via a 
single screw extruder. Firstly, an optimal temperature profile determination to 
process the blends was necessary. For this reason, the processing limits were 
determined by DTA and TGA analysis of PET, PP and PP-g-MA at the beginning of 
the study. The lower limit of the processing temperatures was being determined by 
PET as 242ºC and the upper limit was being determined by PP, which has a 
degradation temperature slightly above PET’s melting temperature.  
After knowing the processing limits, experiments with several temperature profiles 
were carried out. As a result of several experiments, the temperature profile was 
decided to be 235°C / 245°C / 255°C / 260°C / 260°C for zone 1, zone 2, zone 3, 
static mixer and die respectively. Then, residence time measurements at 20 rpm,  
30 rpm, 40rpm and 50rpm were done by dye detecting method with the use of red 
coloured PET-based mastebatches, which were found to be between 3 – 8 minutes. 
After the optimal temperature profile determination, optimum compatibilizer amount 
was determined. According to the literature, PP-g-MA was functioning good 
between 5 wt% - 15 wt% for different compositions. So, experiments with 1 wt%, 
5wt% and 10 wt% addition of PP-g-MA to 80 / 20 PET / PP (by wt.%) blends were 
carried out. 1 wt% addition of the compatibilizer was not enough to improve 
mechanical properties and there was not a significant difference between addition of 
5 wt% and 10 wt% of PP-g-MA. So the selected compatibilizer amount was 5 wt% . 
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3.3.2 Preparation of PET-PP blends 
In this study, three different compositions of 80/20, 50/50 and 20/80 PET/PP blends 
with and without compatibilizer PP-g-MAH were extruded at 20, 30, 40 and 50 rpm 
in order to investigate the effect of composition, compatibilization and processing 
conditions on final blend properties. Since PET is a hygroscopic polymer, PET 
pellets were dried at 130°C for 4 hours under vacuum. The dried pellets were taken 
into a vacuum desiccator as soon as they were taken from the oven and kept there 
under vacuum until being extruded. The PP pellets and PP-g-MA pellets in 
compatibilizer containing compositions were also dried at 110ºC under vacuum and 
were also kept in a dessiccator then. The PP, PET and PP-g-MAH pellets were 
premixed by shaking in a large – closed container by hand for 20 minutes before 
being fed to the extruder. Temperatures of the zone 1, zone 2, zone 3, static mixer 
and die were 235°C / 245°C / 255°C / 260°C / 260°C respectively. The strands from 
the die were collected on a metal plate by hand to be pelletized after complete 
solidification. 
3.3.3 Morphological characterization 
For the morphological evaluation, optical microscopy analysis was carried out for all 
of the blend samples. The collected strands from the extruder were cryogenically 
fractured in liquid nitrogen and by a bistouries, slices were immediately cut as thin as 
possible. The cut cross-section was vertical to the extruder flow direction. These thin 
slices were examined with the optical microscope at 3.3 X 20 zooming under 
polarized light in the Hoffmann mode. The average particle sizes were evaluated 
from the photographs by using the image analysis software MOTIC. 
3.3.4 Mechanical property characterization 
The prepared blend strands were pelletized and dried at 110°C for at least 6 hours 
under vacuum. Virgin PET and PP pellets were also treated the same drying 
conditions. Standard dumbbell-shaped specimens from these dried pellets were 
prepared by injection molding at 250°C after melting and mixing them in the 
microcompounder at 100 rpm for 2 minutes. The mold temperature was 50°C and the 
injection pressure was kept at 8 bar. The tensile tests were carried out at 5mm/min 
rate according to ASTM D638 standard. 
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3.3.5 Melt flow rate determination 
The melt flow rate (MFR) of dried virgin PET and PP was measured at 190ºC for the 
former and at 285ºC for the latter under 2.16 kg load according to ASTM D1238 
standard.  
The MFR of the prepared blends were measured due to the ISO 1133-1 standard. The 
blend pellets were dried at 130ºC for 4 hours under vacuum before the MFR 
measurements. The tests were carried out at 270ºC under 2.16 kg load. 
3.3.6 Thermal property characterization 
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) at a  
10ºC / min heating rate between 30ºC – 350ºC was carried out for virgin PET and 
PP.  
The thermal properties of the blends were determined by differential scanning 
calorimetry (DSC). The heating scans were carried out at 10ºC / min rate in the 
temperature range of 30ºC-300ºC in the DSC analysis of the blends. The heats of 
fusion were calculated from the thermograms by evaluating the area under the 
melting curves. 
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4.  RESULTS  AND DISCUSSION 
4.1 Optimization 
The extrusion processing limits for a polymer or polymer blend are determined by 
the melting and degradation behavior of the polymer or polymers. The extrudate 
must be melted but not degraded during extrusion. For this reason, the melting and 
degradation temperatures of PET and PP were determined by differential thermal 
analysis and thermogravimetric analysis respectively. These results are given in 
Figure 4.1 and Figure 4.2 for PET and PP, respectively. 
 
Figure 4.1 : DTA and TGA thermograms of PET. 
 
From the thermal analysis of the polymers, the melting peak and end temperatures 
for PET were determined to be 242ºC and 256ºC respectively, and those for PP were 
167ºC and 190ºC, respectively. The degradation temperatures for PET and PP were 
368ºC and 267ºC, respectively. These results show that the lower limit of extrusion 
temperature was determined by PET as 242ºC and the upper one by PP as 267ºC. 
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Figure 4.2 : DTA and TGA thermograms of PP. 
After knowing the processing limits, experiments with several temperature profiles 
were carried out. The studied blend composition was selected to be by weight 
percent 20 / 80 PET / PP due to the fact that PP determines the upper limit of 
extrusion temperature. The focus was on finding the lowest possible processing 
temperature for both prevention of PP degradation and energy saving reasons. As a 
result of several experiments, the temperature profile was decided to be  
235°C / 245°C / 255°C / 260°C / 260°C for zone 1, zone 2, zone 3, static mixer and 
die respectively. The residence time of these blends together with the output rates are 
given in Table 4.1 . 
Table 4.1 : Output rate and residence time of 20 / 80 PET / PP blends (by wt. %) extruded 
        at 235°C / 245°C / 255°C / 260°C / 260°C temperature profile. 
Screw Speed (N) 
(rpm) 
Output Rate 
(g/min) 
 
Residence Time 
(min) 
20  28.58 6.3 
30 43.26 4.5 
40 57.83 3.5 
50 75.95 3.1 
 
Optimal temperature profile determination was followed by investigation of the 
optimum compatibilizer amount. According to the literature, PP-g-MA was 
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functioning good between 5 wt% - 15 wt% for different compositions. So, 
experiments with 1 wt%, 5wt% and 10 wt% addition of PP-g-MA to 80/20, 50/50 
and 20/80 PET/PP blends were carried out. 1 wt% addition of the compatibilizer was 
not enough to improve mechanical properties and there was not a significant 
difference between addition of 5 wt% and 10 wt% of PP-g-MA. As a result, the 
selected compatibilizer amount was 5 wt%  in the blends. 
The blend compositions to be studied were determined focusing on obtaining blends 
in which PET was the major phase, PP and PET were in equal weight percentages, 
and PP was the major phase. Compositions of the prepared blends are given in  
Table 4.2 . 
Table 4.2 : Compositions of the blends. 
SAMPLE 
 
PET / PP / PP-g-MAH  
weight % 
 
Incompatibilized PET-rich  80 / 20 / 0 
Compatibilized PET-rich 76 / 19 / 5 
Incompatibilized PET-PP-equal 50 / 50 / 0 
Compatibilized PET-PP-equal 47.5 / 47.5 / 5 
Incompatibilized PP-rich 20 / 80 / 0 
Compatibilized PP-rich 19 / 76 / 5 
 
In order to investigate the effect of processing conditions besides the effect of 
composition and compatibilization, each composition, together with the virgin PET 
and PP, were extruded at four different screw speeds of 20, 30, 40 and 50 rpm, which 
makes a total of 32 samples.  
4.2 Optical microscopy 
Optical microscopy analysis was carried out for all of the blend samples by the 
procedure given in Section 3.3.3 . The microscopy images of six of the blends are 
given in Figure 4.3, the remaining are given in Appendix A.1. From these images, it 
was determined that all of the blends had a droplet-in-matrix morphology.  
Volume average particle diameter (dvmd), which is defined as the average diameter 
based on the unit volume (mass) of a particle, were calculated by equation 4.1 for the 
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blends. In equation 4.1, di is the particle diameter of the i
th
 particle and ni is the 
number of particles with diameter di . 
3444
/ iiiivmd dndnd  (4.1) 
The diameter of the particles were evaluated by MOTIC image analysis software of 
Version-2.0, which is capable of detecting the phases depending on their colours 
(PET has a darker colour than PP under polarized light.) and determinig the area ratio 
of the phases. The dispersed particles can also be drawn in circles and radius of the 
circles can be measured by the program. 
 
Figure 4.3 : Micrographes of various blends (PET / PP / PP-g-MAH wt%). 
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The OM analysis was started with taking the picture of a known-length scale. This 
scale’s picture was introduced to the program and the measure-scale of the software 
was calibrated. Then, the sizes of the dispersed particles were measured by drawing 
circles on the perimeter of them. The results obtained from at least 100 particles per 
each image are given in Figures 4.4 – 4.5 . 
These results show that compatibilization decreased the particle size for all of the 
blends. Both the compatibilized and incompatibilized PET-PP-equal blends prepared 
at all screw speeds had the biggest dispersed-particle sizes. This makes sense, 
because PP and PET are immiscible and in this composition they are in equal 
amounts. So, the forces to be overcomed against coalescence are the most in this 
case. 
 
Figure 4.4 : Average particle sizes of the incompatibilized blends. 
The smallest sizes in both compatibilized and incompatibilized blends were obtained 
in PET-rich ones. This is thought to be due to the lower viscosity of PET with respect 
to PP: once the major phase PET has a lower viscosity, it is easier for the minor 
phase PP to move through the PET phase and be dispersed.  
The effect of screw speed on particle sizes of the blends were given in  
Figures 4.6 – 4.7 . Increasing screw speed resulted in lower particle sized blends for 
both the compatibilized and incompatibilized mixtures. Screw speed effect was much 
dominant in non-compatibilized blends than in compatibilized blends. The decrease 
of particle sizes at 20 rpm was more than two times of the sizes at 50 rpm for  
50 / 50 / 0 PET / PP / PP-g-MAH blends. 
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Figure 4.5 : Average particle sizes of the compatibilized blends. 
 
Figure 4.6 : Effect of screw speed on the particle size of the incompatibilized blends. 
 
 
Figure 4.7 : Effect of screw speed on particle size of the compatibilized blends. 
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4.3 Mechanical properties of the blends 
The mechanical properties were evaluated as given in Section 3.3.4 . Young’s 
Modulus (E), maximum stress (σ), stress at break (σb) and percent elongation at 
break (% εb) were evaluated as an average of three to five specimens for each blend. 
E, σ, σb, and % εb values are 2500 MPa, 55 MPa, 30 MPa and 210 % for PET; and 
1470 MPa, 33 MPa, 25 MPa and 500 % for virgin PP; respectively. 
The results for the blends are tabulated in Table 4.3 for PET–rich blends,  
in Table 4.4 for PET–PP-equal blends, and in Table 4.5 for PP–rich blends.  
The Stress–% Strain plots of the selected blends are given in Figures 4.8- 4.11 . From 
these results, it is clear that composition, compatibilization and processing conditions 
of the blends have a pronounced effect on the mechanical properties of these 
materials. When the mechanical properties of the blends and, PET and PP are 
compared, it is clear the former were not better than the latter ones. Moreover, % εb 
values were in the order of 3 – 6 %, which are very low when compared with the 
percent elongation at break values of PET and PP. 
Table 4.3 : Mechanical properties of PET-rich blends. 
PET/PP/PP-g-MAH 
(wt.%) 
N 
(rpm) 
E 
(MPa) 
σ 
(MPa) 
σb 
(MPa) 
% εb 
100 / 0 / 0 - 2500 55 30 210 
0 / 100 / 0 - 1470 33 25 500 
80 / 20 / 0 20 2000 43 43 3.20 
80 / 20 / 0 30 2040 45 42 3.29 
80 / 20 / 0 40 2050 45 44 3.11 
80 / 20 / 0 50 1920 43 43 3.15 
76 / 19 / 5 20 1730 42 41 4.04 
76 / 19 / 5 30 1730 40 35 5.48 
76 / 19 / 5 40 1710 41 35 6.66 
76 / 19 / 5 50 1780 43 38 5.51 
                     . 
50 
 
 
 
Figure 4.8 : Stress-%Strain plot of 76 / 19 / 5 PET / PP / PP-g-MAH blend prepared at 40 rpm. 
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Figure 4.9 : Stress-%Strain plot of 50 / 50 / 0 PET / PP / PP-g-MAH blend prepared at 40 rpm. 
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Figure 4.10 : Stress-%Strain plot of 47.5 / 47.5 / 5 PET / PP / PP-g-MAH blend prepared at 40 rpm. 
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Figure 4.11 : Stress-%Strain plot of 19 / 76 / 5 PET / PP / PP-g-MAH blend prepared at 40 rpm. 
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Mechanical properties of PET-rich blends are given in Table 4.3 . The standard 
deviation is ± 145 for E, ± 1.0 for σ and σb, and ± 0.7 for % εb , respectively.  
The PET-rich blends had the best mechanical properties of all of the blends. The 
highest E, σ, σb and % εb values were observed in this case. Compatibilization 
resulted in the increase of % εb values, but in the decrease of E, σ, σb at all screw 
speeds. This is thought to be due to the weak modulus but the best compatibilization 
performance of the PP-g-MAH compatibilizer. 
Table 4.4 : Mechanical properties of PET-PP-equal blends. 
PET/PP/PP-g-MAH 
(wt.%) 
N 
(rpm) 
E 
(MPa) 
σ 
(MPa) 
σb 
(MPa) 
% εb 
100 / 0 / 0 - 2500 55 30 210 
0 / 100 / 0 - 1470 33 25 500 
50 / 50 / 0 20 1520 35 34 3.53 
50 / 50 / 0 30 1680 31 30 3.54 
50 / 50 / 0 40 1490 34 34 3.78 
50 / 50 / 0 50 1470 30 30 2.36 
47.5 / 47.5 / 5 20 1520 37 36 5.24 
47.5 / 47.5 / 5 30 1560 37 36 5.74 
47.5 / 47.5 / 5 40 1520 36 34 5.97 
47.5 / 47.5 / 5 50 1520 36 36 6.64 
 
Mechanical properties of PET-PP-equal blends are given in Table 4.4 . The standard 
deviation is  ± 135.0 for E, ± 1.0 for σ and σb, and ± 0.3 for % εb , respectively.  
Since PP is much tougher than PET whereas PET is stiffer, and the weight percent of 
PP in PET-PP-equal blends (Table 4.4) is less than that in PP-rich blends, the former 
blends were expected to be stiffer but less tougher then the latter ones. Surprisingly, 
all PET-PP-equal blends had better % εb property than PP rich blends. The effect of 
processing conditions (screw speed) and compatibilization were also much 
pronounced in PET-PP-equal blends when compared to PP-rich blends. This depends 
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on the fact that both phases are in equal weight percents, so the mixing here is the 
most difficult, being affected the most from the parameters.  
Mechanical properties of PP-rich blends are given in Table 4.5 . The standard 
deviation is ± 60 for E, ± 0.50 for σ and σb, and ± 0.03 for % εb , respectively.  
Table 4.5 : Mechanical properties of PP-rich blends. 
PET/PP/PP-g-MAH 
(wt.%) 
N 
(rpm) 
E 
(MPa) 
σ 
(MPa) 
σb 
(MPa) 
% εb 
100 / 0 / 0 - 2500 55 30 210 
0 / 100 / 0 - 1470 33 25 500 
20 / 80 / 0 20 1560 29 27 2.76 
20 / 80 / 0 30 1470 28 28 2.64 
20 / 80 / 0 40 1470 28 27 2.80 
20 / 80 / 0 50 1490 30 29 3.12 
19 / 76 / 5 20 1420 30 30 2.76 
19 / 76 / 5 30 1400 30 30 2.82 
19 / 76 / 5 40 1290 30 30 2.90 
19 / 76 / 5 50 870 31 31 3.44 
 
In both incompatibilized and compatibilized PP-rich blends, except E values, all of 
the mechanical properties had slight differences (Table 4.3). Nonetheless, 
compatibilization resulted in the improvement of the σ, σb and % εb values. Increased 
screw speed also gave a slight increase for these properties in both incompatibilized 
and compatibilized blends.  
When the mechanical properties of all of the blends are evaluated, it is clear that 
increasing PET content in the blends, thus decreased dispersed particle size, resulted 
in better mechanical-property blends. 
4.4 MFR of the blends 
The MFR of the blends were taken at 270ºC under 2.16 kg load after the pellets were 
dried under vacuum. The results are given in Figures 4.12 – 4.14 .  
56 
For both incompatibilized and compatibilized PET-rich blends (Figure 4.12), the 
higher the screw speed they were prepared at, the lower the MFI they had. This 
shows that increasing screw speed resulted in better mixing for both incompatibilized 
and compatibilized blends. Compatibilization also resulted in better processability. 
 
Figure 4.12 : Effect of screw speed on the MFI of  80 / 20 / 0 and  
     76 / 19 / 5 PET / PP / PP-g-MAH blends. 
Incompatibilized PET-PP-equal blends had increased MFR with increased screw 
speed whereas compatibilized PET-PP-equal blends had decreased MFR at increased 
screw speed (Figure 4.13). This shows that compatibilization and increasing screw 
speed resulted in better mixing. Both incompatibilized and compatibilized PP-rich 
blends (Figure 4.14) had nearly the same MFR for all processing conditions. 
 
Figure 4.13 : Effect of screw speed on the MFI of  50 / 50 / 0 and  
            47.5 / 47.5 / 5 PET / PP / PP-g-MAH blends. 
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Figure 4.14 : Effect of screw speed on the MFI of  20 / 80 / 0 and  
      19 / 76 / 5 PET / PP / PP-g-MAH blends. 
4.5 Thermal properties of the blends 
Thermal properties of the PET-rich, PET-PP-equal and PP-rich blends which were 
prepared at 30 rpm and 50 rpm were analyzed by differential scanning calorimetry. A 
certain mass (about 0.14 mg) of each blend were taken in the DSC pans and the 
analysis of all of the samples were carried out at 10ºC / min rate in the temperature 
range of 30ºC-280ºC.  
All of the thermographs had two melting separate peaks for the PET phase and PP 
phase. By using the software of DSC analyser, the first derivative of heat flow 
change with respect to temperature change were calculated in order to determine the 
start and end temperatures of the melting regions. By using these data, linear 
baselines were drawn to determine the onset temperature and enthalpy of melting. 
The thermographs of the blends are given in Appendix A-2. The results are tabulated 
in Table 4.6 for the blends prepared at 30 rpm and in Table 4.7 for the blends 
prepared at 50 rpm. 
The melting peak temperature of PET was found to be 242°C and that of PP, 167°C 
(Figure 4.1 and Figure 4.2). From Tables 4.6 and 4.7, it is clear that composition of 
the blends, compatibilization and screw speed resulted in shifts of the melting 
temperatures to higher temperatures, and so, differences in the enthalpies of melting 
for all the blends. 
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For the PET-rich blends prepared at 50 rpm, there was a significant decrease of 4ºC 
for the compatibilized blend PET phase peak temperature than the incompatibilized 
one, whereas there was not a significant difference for the incompatibilized and 
compatibilized blends’ onset and peak temperatures for 30 rpm. This behaviour was 
also the case for melting temperature of PET phase. The mentioned temperatures 
were also lower for 50 rpm blending than 30 rpm blending. These shifts to the lower 
temperatures support the result that increased screw speed resulted in a better mixing. 
Table 4.6 : Thermal properties of the blends prepared at 30 rpm screw speed. 
SAMPLE 
(PET/PP/PP-g-MAH 
wt. %) 
PET PP 
Onset 
(°C) 
Tp  
(°C)  
Onset  
(°C) 
Tp 
(°C)  
80 / 20 / 0 245 256 
 
164 169 
 
76 / 19 / 5 245 257 
 
162 171 
 
50 / 50 / 0 243 253 
 
168 171 
 
47.5 / 47.5 / 5 243 252 
 
159 170 
 
20 / 80 / 0 244 254 
 
163 175 
 
19 / 76 / 5 241 252 
 
161 175 
 
 
For the PET-PP-equal blends, compatibilized ones had a lower onset and melting 
temperature than the incompatibilized ones for both of the PET and PP phases at 
both 30 rpm and 50 rpm screw speed. This is also the case for the enthalpy of 
melting. Thus, compatibilization can be said to result in a relative ease of melting. 
The melting peak temperatures of both PET and PP phases were delayed as the screw 
speed decreased for all of the PP-rich blends. In other words, increased screw speed 
decreased the melting peak temperatures of both the PET phase and the PP phase. 
Compatibilization increased the melting peak temperatures of both phases at 50 rpm 
preparation condition, but increased them at 30 rpm preparation condition. 
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Table 4.7 : Thermal properties of the blends prepared at 50 rpm screw speed. 
SAMPLE 
(PET/PP/PP-g-MAH 
wt. %) 
PET PP 
Onset 
(°C) 
Tp  
(°C)  
Onset  
(°C) 
Tp 
(°C)  
80 / 20 / 0 244 255 
 
164 171 
 
76 / 19 / 5 239 251 
 
160 168 
 
50 / 50 / 0 250 257 
 
165 171 
 
47.5 / 47.5 / 5 245 255 
 
158 170 
 
20 / 80 / 0 242 250 
 
158 170 
 
19 / 76 / 5 244 252 
 
161 173 
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5.  CONCLUSION 
In this study, PET-PP blends were prepared at three different compositions;  
one PET-rich, one PET-PP-equal and one PP-rich, with and without addition of  
5 wt.% PP-g-MAH as compatibilizer to the blends by melt blending in a single screw 
extruder at four different screw speeds of 20, 30, 40 and 50 rpm. These screw speeds 
were much lower than the melt blending processing conditions in the literature, 
which is about 100 rpm. The effect of composition, compatibilization and processing 
conditions were investigated by optical, mechanical, MFR and thermal analysis of 
the blends. 
Optical microscopy of the samples showed that addition of compatibilizer decreased 
the particle size at all compositions of the blends. Both the smallest sizes in both 
compatibilized and incompatibilized blends were obtained in PET-rich ones, whereas 
the compatibilized and incompatibilized PET-PP-equal blends prepared at all screw 
speeds had the biggest dispersed-particle sizes. The effect of screw speed on particle 
sizes of the blends was such that increasing screw speed resulted in lower particle 
sized blends for the compatibilized and incompatibilized mixtures. Screw speed 
effect was much dominant in non-compatibilized blends comparing with 
compatibilized blends. 
Mechanical property analysis of the samples showed that composition, 
compatibilization and processing conditions of the blends had a pronounced effect on 
the tensile properties of these materials. All of the blends had worse tensile 
properties, especially elongation at break values, than virgin PET and PP. Use of 
compatibilizer improved maximum strength, strength at break and elongation at 
break values of the blends at all compositions, whereas modulus was lowered. The 
effects of screw speed and compatibilizer addition were the most pronounced in  
PET-PP-equal blends. 
Melt flow rate (MFR) analysis was carried out for both incompatibilized and 
compatibilized PET rich blends. Increased screw speed resulted in decreased MFR 
for both incompatibilized and compatibilized PET-rich samples. The effect was the 
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same for tensile properties except modulus. It is concluded that increasing screw 
speed resulted in better mixing of the PET and PP phases. The MFR of the 
compatibilized PET-rich samples were greater than that of incompatibilized ones, 
which shows that compatibilization improved processability as well as the tensile 
properties of the blends. MFR values did not differ significantly with screw speed for 
both incompatibilized and compatibilized PET-PP-equal and PP-rich blends. 
DSC analysis was carried out for the samples prepared at 30 rpm and 50 rpm. The 
melting peak temperature of both PET and PP phases were delayed in all of the  
blends when compared with virgin PET and PP. Compatibilization and screw speed 
affected the melting behavior of the PET-rich, PET-PP-equal and PP-rich blends. 
The most significant shift was observed for the compatibilized PET-rich blend 
prepared at 50 rpm. 
In conclusion, the higher the screw speed and the PET content in the blends, the 
more the compatibilization and the better the morphological and mechanical 
properties. The smallest dispersed particle sizes and the best mechanical properties 
were obtained at PET-rich blends due to the most dominant effect of 
compatibilization. The morphological and mechanical properties of both 
incompatibilized and compatibilized PP-rich blends were similar to each other at all 
screw speeds. This is attributed to the the lower screw speeds which we processed 
the blends than that in literature. For all of the blends, processing at 20 rpm was not 
enough to improve morphological and mechanical properties. This shows that  
PET-PP blends must be processed at relatively higher screw speeds, which is also the 
case in literature. 
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APPENDIX A.1 : POM Images Of The Blends 
 
 
 
Figure A.1 :  POM image of the 80/20/0 PET / PP / PP-g-MAH blend prepared at 20 rpm 
 
Figure A.2 :  POM image of the 80/20/0 PET / PP / PP-g-MAH blend prepared at 30 rpm 
 
Figure A.3 :  POM image of the 80/20/0 PET / PP / PP-g-MAH blend prepared at 40 rpm 
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Figure A.4 : POM image of the 80/20/0 PET / PP / PP-g-MAH blend prepared at 50 rpm 
 
 
Figure A.5 : POM image of the 76/19/5 PET / PP / PP-g-MAH blend prepared at 20 rpm 
 
 
Figure A.6 : POM image of the 76/19/5 PET / PP / PP-g-MAH blend prepared at 30 rpm 
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Figure A.7 : POM image of the 76/19/5 PET / PP / PP-g-MAH blend prepared at 40 rpm 
 
 
Figure A.8 : POM image of the 76/19/5 PET / PP / PP-g-MAH blend prepared at 50 rpm 
 
 
Figure A.9 : POM image of the 50/50/0 PET / PP / PP-g-MAH blend prepared at 20 rpm 
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Figure A.10 : POM image of the 50/50/0 PET / PP / PP-g-MAH blend prepared at 30 rpm 
 
 
Figure A.11 : POM image of the 50/50/0 PET / PP / PP-g-MAH blend prepared at 40 rpm 
 
 
Figure A.12 : POM image of the 50/50/0 PET / PP / PP-g-MAH blend prepared at 50 rpm 
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Figure A.13 : POM image of the 47.5/47.5/5 PET / PP / PP-g-MAH blend prepared at 20 rpm 
 
 
Figure A.14 : POM image of the 47.5/47.5/5 PET / PP / PP-g-MAH blend prepared at 30 rpm 
 
 
Figure A.15 : POM image of the 47.5/47.5/5 PET / PP / PP-g-MAH blend prepared at 40 rpm 
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Figure A.16 : POM image of the 47.5/47.5/5 PET / PP / PP-g-MAH blend prepared at 50 rpm 
 
 
Figure A.17 : POM image of the 20/80/0 PET / PP / PP-g-MAH blend prepared at 20 rpm 
 
 
Figure A.18 : POM image of the 20/80/0 PET / PP / PP-g-MAH blend prepared at 30 rpm 
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Figure A.19 : POM image of the 20/80/0 PET / PP / PP-g-MAH blend prepared at 40 rpm 
 
 
Figure A.20 : POM image of the 20/80/0 PET / PP / PP-g-MAH blend prepared at 50 rpm 
 
 
Figure A.21 : POM image of the 19/76/5 PET / PP / PP-g-MAH blend prepared at 20 rpm 
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Figure A.22 : POM image of the 19/76/5 PET / PP / PP-g-MAH blend prepared at 30 rpm 
 
 
Figure A.23 : POM image of the 19/76/5 PET / PP / PP-g-MAH blend prepared at 40 rpm 
 
 
Figure A.24 : POM image of the 19/76/5 PET / PP / PP-g-MAH blend prepared at 50 rpm 
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APPENDIX A.2 : DSC Thermographs of the Blends 
 
 
 
Figure A.25 : DSC Thermogram of 80 / 20 / 0 and 76 / 19 / 5 PET / PP / PP-g-MAH blends prepared at 30 rpm. 
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Figure A.26 : DSC Thermogram of 80 / 20 / 0 and 76 / 19 / 5 PET / PP / PP-g-MAH blends prepared at 50 rpm. 
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Figure A.27 : DSC Thermogram of 50 / 50 / 0 and 47.5 / 47.5 / 5 PET / PP / PP-g-MAH blends prepared at 30 rpm. 
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Figure A.28 : DSC Thermogram of 50 / 50 / 0 and 47.5 / 47.5 / 5 PET/PP/PP-g-MAH blends prepared at 50 rpm. 
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Figure A.29 : DSC Thermogram of 20 / 80 / 0 and 19 / 76 / 5 PET / PP / PP-g-MAH blends prepared at 30 rpm. 
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Figure A.30 : DSC Thermogram of 20 / 80 / 0 and 19 / 76 / 5 PET / PP / PP-g-MAH blends prepared at 50 rpm. 
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